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THE NATURE OF THE PROPERDIN SYSTEM AND ITS 
INTERACTIONS WITH POLYSACCHARIDE 
COMPLEXES* 


By Louis Pillemer 
Institute of Pathology, Western Reserve University, Cleveland, Ohio 


Natural resistance to infections is a function of many variables, some of 
which are definitely recognizable and capable of measurement, while others, 
probably of equal importance, have so far evaded precise scientific treatment. 
The phagocytes, for instance, may engulf and destroy bacteria. Special agents, 
such as lysozyme, kill certain bacteria. Many organs, perhaps by means of 
reticuloendothelial cells, combat infection. 

The significance of all of these mechanisms of natural resistance and their 
interrelations is not fully understood. There are many reasons for this. The 
obvious importance of acquired immunity and the ease with which antibodies 
can be studied has resulted in great interest and in sustained work on artificial 
immunity, with a corresponding neglect of studies on the naturally occurring 
factors of resistance. Workers have accordingly been reluctant to enter this 
field because of its complexity and because of the lack of adequate methods 
or tools for the identification and measurement of the factors involved. 

Work was concentrated on blood after it was found that it contains sub- 
stances, both natural and acquired, that are able to destroy bacteria and 
foreign cells. The easy availability of blood and its relative simplicity when 
compared to other tissues made it the choice for study by most workers. A 
wealth of basic studies on the nature and interactions of serum antibodies has 
resulted that has contributed immensely to our knowledge of acquired im- 
munity. On the other hand, while it has long been known that normal blood 
serum destroys bacteria and certain other cells and inactivates viruses in the 
absence of demonstrable antibody, the mechanisms and factors involved in these 
reactions have been ignored. Complement, alone, has received considerable 
attention mainly because convenient methods are available for its measurement. 

Recently we showed that normal human and other mammalian sera contain 
a protein, properdin, that is an important constituent of the properdin system, 
a natural defense mechanism of blood.!:?\ Properdin, in conjunction with 
complement and Mg*-, participates in the destruction of certain bacteria,!: *: 4 
protozoa,®»® and abnormal red cells,!:7-® and in the inactivation of certain 
viruses (FIGURE 1).! 19,11 These diverse activities of the properdin system and 
its presence in normal serum suggest that the properdin system is one of the 
factors responsible for natural resistance. Indeed, there appears to be a rela- 
tionship between serum properdin levels and resistance or susceptibility of ex- 
perimental animals to infection,?: 12 shock,!®*8 and irradiation.!*:®° Since 
both properdin and complement can be quantitatively measured, it should be 


* This investigation was conducted under the auspices of the Commission on Immunization, Armed Forces 

Epidemiological Board, and was supported in part by the Office of the Surgeon General, Department of the Army, 

ashington, D. C.; and in part by a grant from the Lederle Laboratories Division, American Cyanamid Com- 
pany, Pearl River, N. Y. 
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RECOGNIZED CONSTITUENTS AND ACTIVITIES OF 
THE PROPERDIN SYSTEM 


PROPERDIN 
+ 
COMPLEMENT 
+ 


KILLS INACTIVATES LYSES KILLS 
BACTERIA VIRUS ABNORMAL PROTOZOA 
ERYTHROCYTES 


FIcurRE 1. 


possible to determine the importance of the properdin system in natural re- 
sistance. 

The present paper, necessarily brief, summarizes existing knowledge on the 
nature of the human properdin system and some of its interactions and will 
serve to introduce the more detailed reports on this system that are included 
in this monograph. 


The Nature of the Human Properdin System 


Properdin. Human properdin has been purified from zymosan-properdin 
complexes by elution with buffers of high ionic strength, followed by precipita- 
tion, solution, and differential centrifugation.’ *!_ Properdin is a euglobulin 
with an isoelectric point between pH 5.5 and 5.8, and it contains lipid, carbohy- 
drate, and phosphorus. It is estimated that human properdin comprises not 
more than 0.02 per cent of the normal human serum proteins. A unit of pro- 
perdin*! represents not more than 0.5 yg. of protein nitrogen (TABLE 1). 

Purified properdin has a sedimentation constant between 24 to 30S. It is 
therefore a large molecule with a molecular weight of over 1,000,000. Upon 
standing at 1° C. the properdin molecule dissociates, and a family of molecules 
appears with sedimentation constants of 18, 12, 9, 6, and 3 S. Properdin 
activity is lost as soon as dissociation to units of 3S occurs. Thus a properdin 
preparation originally containing 1,000 units per ml. had dissociated entirely 
to units of 3 S after standing for 2 months at 1° C. and was inactive both in the 
zymosan and bactericidal assay. Along these lines it should be mentioned that 
properdin is inactivated by traces of detergents, soaps, and at pH less than 5.2. 
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TABLE 1 
PROPERTIES OF PURIFIED HUMAN PROPERDIN 


Euglobuli 
Nature irclactiio point oH 5.5-5.8) 
[LENTa1 peerage Riess Berger arth Rallshoas cas sya ci aisvdue witvd« + 
Carhonydrate wan na en rr ter. otic cos cere cs + 
DOSPROEUS se Pee te ar oe eas AW Li mieten Sane seins ie nsls bones + 
IBchicen tou ceri DrOteluSe aca tieitat Gilet oe ois oot 0.02-0.03 
Wnts Me AicLOze Meee an ar ts ee ee ec es. 2000 
: : Pe 
Sedimentation. constants) (S)\ciriscce eecdtretcse esha raci,caniee 24-30 —— 18, 12, 9, 6, 3* 
* Inactive. 
TABLE 2 
CoMPARISON BETWEEN PROPERDIN AND ANTIBODY 
Properdin Antibody 
Derolopicall speciicityy. vas «fe a eas leyae seal: 0 + 
Presenceiin) normall!seruinie cane. leias eslecte sien + 0 or + 
IPTESeNCE ABET UMA EACLON Settee aancer sibyal ele es teers II—1 II or III 
Requirements for complexing.................. C’1, C’4, Mgt* 0 
Inactivation byscomplexes!s.)...4 saed cases ed. st | Cs Cl G2sC4 


Saturation with carbon dioxide is also harmful to properdin. The full im- 
portance of these observations must await detailed studies correlating all in vivo 
and in vitro activities of the properdin system with the dissociation of purified 
properdin. Also, the sedimentation constant of properdin as it exists in nor- 
mal human serum remains to be determined. Purified properdin does not 
contain components of complement or factors concerned with blood clotting. 
No protease, lipase, amylase, esterase, or phosphatase activities have been 
found. 

Properdin has been found to differ from antibody in many respects (TABLE 
2). Properdin combines with diverse and apparently unrelated substances, 
while antibodies are relatively specific in this respect. Properdin is present 
in normal serum and even in serum from “germ-free” rats.*” Antibodies 
generally appear in serum in response to antigenic stimulus. Properdin re- 
sides in Fraction IIJ-1 (Cohn), while antibodies are usually present in Frac- 
tion II but are also found in Fraction III. Properdin requires C’1, C’4, and 
Mg** for its combination with various agents. Antibodies have no such re- 
quirements for combination with antigen. Properdin-zymosan and certain 
other properdin-polysaccharide complexes inactivate C’3 specifically, while 
antigen-antibody complexes inactivate C’1, C’2, and C’4, with no effect on 
C’3.! Thus properdin is distinct from antibody in any acceptable sense. 

Bactericidal antibody, however, requires complement for its activity and 
resembles properdin in this respect. Thus properdin may be a primordial type 


* These sera were furnished through the peapers es of James A. Reyniers and Morris Wagner, Lobund Insti- 
tute, University of Notre Dame, Notre Dame, Ind. 
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of “antibody.” More highly developed and specific substances (antibodies) 
may have been formed during the process of evolution. Properdin, however, 
is not an “immune substance” within the usual meaning of this term. It does 
not appear in response to a specific stimulus, nor does it react only with a 
specific substance. The amount of properdin in normal serum is too small for 
its variety of activities to be due to specific individual agents pooled in the 
preparation of the purified protein. Furthermore, the presence of properdin 
in the serum of “germ-free” rats also substantiates these views. 

Serum free of properdin (RP) contains all of the activities of normal serum 
except that its C’3 is not inactivated by zymosan, and its bactericidal, virus- 
inactivating, hemolytic, and toxoplasmocidal activities against properdin- 
sensitive cells or viruses are absent! The addition of properdin to RP restores 
all of these activities (TABLE 3). 

Serum deficient in properdin (RP) is essential to the study of the properdin 
system and is, in this respect, as important as properdin itself. The system 
involves 6 known variables: properdin, 4 components of complement, and 
magnesium.*:*!_ Five of these variables are contained in RP, and any one of 
them can limit the system and its activity. Indeed, satisfactory RP can be 
made from only 20 per cent of sera because of the necessity for the maintenance of 
adequate levels of all of these factors.24_ This presents problems that must be 
constantly considered in studies on the properdin system and on its mechanism 
of action. 

Complement (C’). Complement is a complex of normal serum constituents 
that participate in many immune reactions.”*6 While it had been previously 
thought that antibody was necessary for its action, studies on the properdin 
system revealed that C’ may also operate in systems that do not require anti- 
body. 

C’ is composed of 4 recognized components that are defined by their par- 
ticipation in immune hemolysis, by methods for their inactivation with respect 
to this reaction, or by methods for their separation from each other. The 
components of complement are designated by the symbols C’1, C’2, C’3, and 


TABLE 3 
SERUM DEFICIENT IN PROPERDIN (RP) 


Present 
All components of complement 
All clotting factors 
Isoagglutinins 
Antibodies 
Plasmin 
Amylase 
Lipase 
Esterase 
Phosphatase 


Absent 
Bactericidal 
Virus-neutralizin 
‘Toxoplasmocidal 
Hemolytic 


8} Activities against properdin-sensitive cells or viruses 
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TABLE 4 
SERUM REAGENTS FOR STUDIES ON THE PROPERDIN SYSTEM 


Factors present 
Reagent 


measures Name 
C1 Co C3 C’4 P 
Cr Normal serum + -} + + - 
Cy Ri 0 + ao + 0 
C2 R2 + 0 + + -- 
Cis R3 + oh 0 0 
C’4 R4 ze = ae 0 + 
Properdin RP a 4. + + 0 


C’4, respectively.4 Human serum fractions employed as reagents for the iden- 
tification and titration of these components are designated R1, R2, R3, and 
R4 (taste 4).> R41, for the titration of C’1, consists of the nondialyzable por- 
ion of serum soluble at pH 5.4 and ionic strength 0.02 at 0°C. R2, for the 
titration of C’2, consists of the nondialyzable portion of serum insoluble under 
these same conditions. R3, the test reagent for C’3, is prepared by treatment 
of C’ with zymosan. R4, for the titration of C’4, is prepared by the addition 
of hydrazine to C’. While the cofactors concerned with the properdin system 
resemble hemolytic C’ components in most respects, the possibility exists 
that they may differ from these components. They may reside in distinct 
chemical structures, or the components of C’ may have dual functions.”® *7 
Work on the purification of these factors should help to clarify this problem. 
The complexity of complement and the extreme instability of its components 
during purification, however, make this a laborious and difficult task. Only 1 
of the components (C’1) has been prepared in a reasonable state of purity.’8-*° 
Nevertheless, these are problems that must be solved before the exact nature 
of the properdin system is elucidated. 

Magnesium. The activities of the properdin system cannot be demon- 
strated when the cations of serum are replaced by sodium. The addition of 
magnesium in normal serum concentrations (10~* to 10-® M) restores these 
activities. The magnesium requirement is specific. Calcium is completely 
ineffective. Cobalt and manganese, however, in concentrations between 10° 
and 10-* M may replace magnesium in certain of the activities of the properdin 
system.’»! Such concentrations, being so much greater than those occurring 
normally in serum, preclude the possibility of these ions taking part in the 
natural reactions of serum. As far as can be determined, this is the first indi- 
cation of an absolute requirement of a specific cation in the natural defense sys- 
tems of blood. This unique requirement suggests many experimental ap- 
proaches to the elucidation of the role of magnesium in the reactions of the 
properdin system. 


Interaction of the Properdin System with Polysaccharides 


Human properdin was originally recognized by its ability to combine with 
zymosan, an insoluble carbohydrate derived from yeast cell walls, to form a 
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complex that inactivated C’3.1_ This reaction has now been found to occur in 
2 distinct stages (FIGURE 2). The first stage involves the stoichiometric com- 
bination of properdin with zymosan. C’l and C’4 (or substances resembling 
these components of complement) are required along with Mg** for this 
combination. This reaction proceeds slowly, if at all, at 1° C., but occurs rap- 
idly at 15°C. In the second stage the resultant properdin-zymosan complex 
(PZ) inactivates C’3 at temperatures above 20° C. and appears to be catalytic. 
Mgt+ is also required for this inactivation. Although the evidence is not 
conclusive, C’1 or a serum factor resembling it appears also to be necessary for 
the inactivation of C’3 by PZ. Thus the interactions of the properdin system 
are indeed complex, and their significance must await further studies along 
these lines. 

It is of special interest that, while all 4 components of complement, as well 
as Mgt and properdin are required for bactericidal, hemolytic, and virus-neu- 
tralizing activities against properdin-sensitive cells or viruses, only 2 of the 
components of complement, C’1 and C’4, and Mg** are required for the com- 
plexing of properdin with the cell walls of bacteria. The products of bacteria 
lysed or killed by the properdin system may remove properdin from serum and 
inactivate C’3 during this removal. On the other hand, no depletion has 
been observed either in properdin or complement components during bac- 


REACTION OF ZYMOSAN WITH 
PROPERDIN AND COMPLEMENT 


FIRST STAGE 


PROPERDIN 
+ 


C'l+C'4+Mg 


ZYNOSAN | 
ZYMOSAN 15°C, 


ZYMOSAN 
re a Zenosan 


SECOND STAGE 


M ++ 
9 INACTIVATION 
20°- 37°C, OF C'3 


FIGURE 2. 
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TABLE 5 
SUBSTANCES THAT INTERACT WITH THE PROPERDIN SYSTEM 


Nature 
Polysaccharides or polysaccharide complexes 
High molecular weight 
Highly branched 


Examples and source 
Zymosan—yeast 
Endotoxins—bacteria 
Dextrans—bacterial filtrates 
Mucins—animal tissues 


tericidal action. It is also noteworthy that a properdin-zymosan complex (PZ) 
can be formed from mouse and cow sera, even though mouse serum is deficient 
in hemolytic C’2 and C’3 and cow serum is deficient in C’2._ While it is prema- 
ture to speculate on the significance of these phenomena in host-parasite rela- 
tionships, it is evident that bacterial products can inactivate or remove sub- 
stances in serum necessary for bactericidal action of serum. 

It has recently been shown that a variety of polysaccharides or polysac- 
charide complexes of microbial and mammalian origin combine with properdin 
and inactivate C’3 in vitro (TABLE 5) and alter properdin levels in vivo.*! These 
polysaccharides include bacterial cell walls, endotoxins and lipopolysaccharides, 
certain dextrans and levans from bacterial filtrates, and lipopolysaccharides, 
polysaccharides, and mucins from mammalian tissues.**? The substances 
are highly branched and have high molecular weights (10~’ and greater). There 
is no correlation between the toxicity, pyrogenicity, and antigenicity of these 
substances and their ability to interact with the properdin system. No definite 
correlation exists between the activities of these materials and any simple 
physical or chemical property. Polysaccharides with identical repeat units 
and very similar structures present widely different activities. The active ma- 
terials contain both a- and #-linkages, furanosidic and pyranosidic units, and 
interhexose linkages of 1,4; 1,6; 1,3; 2,1; and 2,6 types and combinations 
of these within the same compound. ‘There also seems to be no dependence on 
the presence or absence of lipid or protein. Perhaps specific configurations or 
spatial arrangements of sugar residues may determine the ability of macro- 
molecules, as well as certain bacteria, viruses, and red cells, to interact with 
the properdin system. In any event, the requirements of C’ and Mg** for the 
combination of properdin clearly indicate that the mechanisms involved are 
highly complex and that further comment at this time would be highly specula- 
tive. 

Experiments have been undertaken to determine whether any physical or 
chemical change of these polysaccharides occurred following exposure to 

* With the exception of certain dextrans and levans, these products are not homogeneous nor composed exclu- 
sively of polysaccharides. For the most part these substances, as customarily prepared, also contain nitrogenous, 
lipid, ty other associated materials in varying amounts. | i 1 

The concept of ‘“‘purity’’ for such materials may be misleading. The substances that are the most highly 
“purified” are eobabhy those that have been most “‘simplified’’ in the course of preparation. During isolation 


and purification they may have been separated not only from accompanying materials but, in all probability, 
poset, tans been separated also from other moieties with which they are combined in situ. 
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the properdin system.® Measurement of such changes would be not only of 
intrinsic interest but would provide also an approach to the development of a 
new assay for properdin. No detectable change, however, has thus far been 
observed in the physical properties of dextrans, levans, or mucins after in- 
cubation with fresh human serum at 37°C. In addition, experiments with 
levans have failed to show a release of fructose from the levan molecule after 
the above treatment. It is recognized, however, that the polysaccharides 
tested were, for the most part, heterogeneous, and that the substances that 
interact with properdin may have been present in amounts too small to permit 
the demonstration of any change by the analytical procedures employed. 
Accordingly, attempts are being made to isolate and characterize such products 
from bacteria, yeast, and mammalian tissues. Exact knowledge of the chemi- 
cal and physical properties of substances complexing with properdin may give 
additional information on the mode of action of the properdin system. Such 
agents may be of value also in the development of new assays for properdin. 
Furthermore, the alterations in properdin levels that occur in vivo following the 
administration of polysaccharide complexes make it desirable to work with 
defined substances. 

While similar amounts of these agents are required to remove properdin 
from serum im vitro (TABLE 6), lipopolysaccharides derived from bacteria are 
the most potent agents yet tested for elevating properdin titers im vivo.8 As 
little as 1 to 10 ug. of these agents causes a marked elevation in properdin titers. 
This rise appears to accompany increased resistance to infection. On the 
basis of studies (TABLE 6) on the effect of different polysaccharides of microbial 
and mammalian origin on the serum-properdin levels in vivo," * it is now 
considered that serum-properdin levels may be the result of stimulation or 
depletion of properdin by both bacterial and host products. Thus an elevation 
in titer may be due to liberation of small amounts of bacterial or tissue products, 
while a fall in properdin titer may accompany liberation of large amounts of 
these substances (FIGURE 3). The identification and characterization of these 
bacterial and host products should help to clarify and to extend present knowl- 
edge on the mechanics of the properdin system and its exact role in natural 
resistance. 


TABLE 6 
ACTIVITIES OF CERTAIN POLYSACCHARIDE COMPLEXES ON PROPERDIN 


Amount required for 


Product A Maoire : 
removal or inactivation elevation of mouse 
of 8 units of properdin properdin levels 
in vitro in vivo 
mg. mg. 

Bacterial cell walls.\). 0: ....s6 seneeneeeeeee 0.5-5.0 0.1 -1.0 
Bacterial lipopolysaccharides...............4.- 0.5-5.0 0.001-0.01 
Mammalian polysaccharides..................- 1.0-5.0 0.02 -0.1 
ZYMOSAN «4's, .2te-aieaess onisio, 0 Got eee 0.5-5.0 Of e=10 


aNeN0303—g$388— 000s eeeessSSSSSSS550—0€0—0050—0—0—0™—> 
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SCHEMATIC DIAGRAM OF THE INFLUENCE OF BACTERIAL AND HOST 
PRODUCTS ON SERUM PROPERDIN LEVELS 


INCREASE 


BACTERIA LSS, | BACTERIAL | amount / SERUM TISSUE |_ENooToxIN _ HOST 
DEATH | PRODUCTS PROPERDIN PRODUCTS |~ Trauma TISSUES 


DECREASE 


FIGURE 3, 


Summary 


Properdin, complement, and magnesium ions constitute the recognized com- 
ponents of the properdinsystem. This system, present in normal serum of man 
and other mammals, has the ability in vitro to destroy bacteria, inactivate 
viruses, kill protozoa, and lyse abnormal erythrocytes. There appears to be 
a relationship between serum-properdin levels and the resistance or suscepti- 
bility of experimental animals to infection, irradiation, and shock. 

Properdin, in a high state of purity, has been prepared by its interaction 
with zymosan, followed by elution, precipitation, solution, and differential cen- 
trifugation. Properdin comprises not more than 0.02 per cent of the normal 
human serum proteins. It is a euglobulin with an isoelectric point between 
pH 5.5 and 5.8, and it contains phosphorus, carbohydrate, and lipid. The 
major portion of freshly prepared properdin solutions has a sedimentation 
constant between 24 and 30S. Upon standing at 1° C., a family of molecules 
appears with sedimentation constants of 18, 12, 9, 6, and 3S. Properdin ac- 
tivity remains constant under these conditions until the proteins dissociate 
to units of 3S. 

Human properdin was originally recognized by its ability to combine with 
zymosan, an insoluble carbohydrate complex derived from the cell walls of 
yeast, to form a complex that inactivated C’3. Two distinct stages have been 
demonstrated in this reaction: (1) the combination of properdin with zymosan, 
and (2) the inactivation of C’3 by the properdin-zymosan complex. C’2 and C’3 
are not required for the combination of properdin with zymosan or bacterial 
cell walls, while all 4 components of complement are necessary for the bac- 
tericidal, virus-neutralizing, and hemolytic activities of the human properdin 
system. 
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Many high-molecular-weight polysaccharides or polysaccharide complexes 
of microbial and mammalian origin form complexes with properdin im vitro 
and alter properdin levels in vive. The nature of these substances and their 
interactions with the properdin system are discussed. 
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THE DEMONSTRATION OF THE BACTERICIDAL ACTIVITY 
OF THE PROPERDIN SYSTEM* 


By Alastair C. Wardlawf and Louis Pillemer 
The Institute of Pathology, Western Reserve University, Cleveland, Ohio 


The properdin system consists of properdin, all 4 components of comple- 
ment and magnesium.! The purpose of the first section of this paper is to 
describe briefly the experiments that demonstrate that the properdin system 
has bactericidal activity. Since these experiments are published in full 
elsewhere,” complete descriptions of methods, materials, and results are omitted. 

For the majority of the experiments presented, a strain of Shigella dysenteriae 
was used as the test organism because antibody to it is rarely found in normal 
human serum in the Cleveland, Ohio, area. Bactericidal activity of the mate- 
rials tested was determined by incubating serum or reagent inoculated with a 
small volume of organisms suspended in buffer. Following incubation, bac- 
terial survival was estimated by colony counts. 

The requirement for properdin in the lysis of bacteria could be demon- 
strated simply by the incubation of a bacterial inoculum in serum and serum 
reagents. Fresh serum by itself was bactericidal. RP, serum deficient in 
properdin, was essentially nonbactericidal. RP with properdin added in its 
normal concentration in serum (5 units per ml.) had bactericidal activity similar 
to the original serum. Properdin by itself‘was not bactericidal, and has been 
shown to be without bactericidal effect, even in concentrations 100 times its con- 
centration in serum. 

The activity of serum and RP with added properdin was a bactericidal 
phenomenon since, both macroscopically and microscopically, bacteriolysis 
occurred. 

In a similar manner it was shown that the lysis of bacteria by the system also 
required all 4 components of complement. While serum alone was bactericidal, 
Ri, the reagent lacking C’1, and R2, serum lacking C’2, were nonbactericidal 
with or without properdin added. The addition of R1 to R2 restored all com- 
ponents to the system and restored bactericidal effect. Similarly the addition 
of purified C’1 to R1 restored bactericidal activity although C’1 alone was not 
bactericidal. R3 wasnot bactericidal, but the addition of partially purified C’3, 
itself not bactericidal, completed the system, and bactericidal activity was 
again evident. R4, the serum lacking C’4, was nonbactericidal. 

Thereafter it was found that the addition of graded amounts of rope 
to RP resulted in graded degrees of bactericidal activity. As little as 0.01 
unit of properdin per ml. or 0.2 per cent of the serum concentration produced 
distinct bacteriolysis. Concentrations between 1 and 10 units of properdin 
per ml. of RP showed optimal and equal activity. Excessive concentrations of 
properdin, rather than increasing activity, inhibited the bactericidal process. 


* This work was supported by a grant from the Lederle Laboratories Division, American Cyanamid Com- 
pany, Pearl River, N. Y. 
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Since minute concentrations of properdin in RP resulted in distinct bacterici- 
dal activity, maximal removal of properdin from serum to be used as an RP re- 
agent in bactericidal and other studies was required. For this reason a double 
adsorption of serum with zymosan in the preparation of such RP was found 
necessary. ‘This procedure could be accomplished without inactivation of 
complement if the amounts of zymosan and the conditions of treatment 
were carefully chosen. 

Double adsorption is carried out by incubating serum with zymosan at 17° C. 
for 75 minutes. The zymosan is then removed. Fresh zymosan is added 
to the serum and the mixture reincubated at 37°C. for 30 minutes. Such 
treatment may result in a decrease in the C’3 titer of the serum. If the C’3 
titer of the original serum is high, however, the decrease does not necessarily 
result in a significant loss of bactericidal activity in the RP when properdin is 
again added. Generally 10 to 20 per cent of random sera make satisfactory 
RP for bactericidal studies if great care is taken in preparation. 

As with other properties of the properdin system, the bactericidal effect is 
temperature-dependent. It was found that bactericidal activity did not oc- 
cur at incubation temperatures below 15° C., partial bacteriolysis appeared 
between 17° and 20° C., and the activity was complete at temperatures above 
aye GC. 

The bactericidal activity also requires magnesium. The removal of mag- 
nesium and calcium from the system resulted in complete depletion of bac- 
tericidal activity. The addition of graded amounts of magnesium restored 
activity in a graded manner, and maximal activity reappeared at magnesium 
concentrations similar to those occurring naturally in serum. Calcium neither 
restored activity nor enhanced the effect seen with magnesium alone. 

Some 44 strains of a variety of genera of bacteria were tested to determine 
their susceptibility to the bactericidal activity of the properdin system. These 
included strains of Shigella, Salmonella, Escherichia coli, Aerobacter aerogenes, 
Proteus, Pseudomonas, Paracolobactrum, and Bacillus subtilis. The strains 
could be divided into 3 general groups. Twenty strains were killed in fresh 
serum and by RP with properdin added but were viable in RP alone and were 
classified as susceptible. Fourteen strains were viable in serum and RP with 
added properdin and were therefore classified as resistant. Ten strains were 
killed in RP alone, as well as in serum and RP with added properdin, but were 
viable in properdin alone. Since their susceptibility to the system could not 
be determined, they were classified as unknown. 

The division of strains into susceptible and resistant groups should not be 
viewed uncritically. Such a division is necessarily arbitrary, and gradations 
between such groups exist. Indeed, the sensitivity of the strains may depend, 
in part, upon the type of culture used in the preparation of the bacterial sus- 
pension. With some strains, 5-hour broth cultures were consistently more 
sensitive than 18- to 24-hour slant cultures. It was found, however, that sensi- 
tivity to the properdin system in vitro was a consistent characteristic of the 
strain. This sensitivity was a property of the strain, however, not of the 
species, since most genera contained both resistant and sensitive strains. 
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Summary and Conclusions 


These experiments demonstrate findings that indicate that the properdin sys- 
tem has bactericidal activity. All components of the properdin system (pro- 
perdin, all 4 components of complement and magnesium) are required for this 
activity. If any factor is missing, bactericidal activity is lost and, if the 
missing factor is replaced, bactericidal activity is restored. These and other 
characteristics of the properdin system distinguish it from systems requiring 
antibody. 

The widespread occurrence of the properdin system in mammalian serum and 
the variety of bacteria affected by it suggest that the properdin system may be 
one of the many factors involved in natural resistance. 
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THE KINETICS OF THE BACTERICIDAL ACTIVITY OF 
THE PROPERDIN SYSTEM 


By Ralph J. Wedgwood and Louis Pillemer 


Depariment of Pediatrics, School of Medicine, and the Institute of Pathology, 
Western Reserve University, Cleveland, Ohio. 


During the course of the experiments demonstrating the bactericidal activity 
of the properdin system! it appeared that while bacteriolysis by the system re- 
quired properdin and complement, these factors were not necessarily “used up”’ 
or inactivated by the bacteriolytic process. It was also noted that, at certain 
properdin concentrations, small changes in the amount of properdin in RP af- 
fected the rate of bacteriolysis markedly. These observations have been ex- 
tended, and work is at present in progress to determine the parameters of the 
kinetics of the bactericidal activity of the properdin system. The purpose of 
this second section of this paper is to present briefly some preliminary observa- 
tions on the kinetics of the bactericidal process that are to be published in 
extenso elsewhere.” 

In all experiments, an 18-hour slant culture of Shigella dysenteriae was used 
as the source of the bacterial suspension for the test procedure. Human sera 
and serum reagents were used throughout. Bactericidal activity was deter- 
mined from colony counts. 

It can be shown that while the act of bacteriolysis requires all 4 components 
of complement, the bacteriolytic process does not appear to produce any dem- 
onstrable change in the concentration of these components in serum. Even 
with large inocula of bacteria, while there may be a slight decrease in the 
amount of properdin available for the standard assay, the decrease is not suffi- 
cient to decrease the bactericidal activity, and may be related to interference in 
theassay by the products of bacteriolysis rather than to actual properdin deple- 
tion itself. 

This can be demonstrated for the bactericidal process by the repeated 
bacterial inoculation of the same serum. The rate of bacteriolysis following 
each inoculation appeared to be identical in each of 3 consecutive inoculations. 
Thus the bactericidal activity of the serum did not appear to be diminished 
by the prior occurrence of the bacteriolytic processes. 

The findings that the components of the properdin system were not con- 
sumed in the bactericidal process and that the rates of lysis with repeated in- 
oculation were similar suggest that the factors necessary for lysis existed in 
such excess that a limiting process was not attained, or that the rate of lysis at 
any one time was an inherent property of the bacterial population of the 
inoculum. To test this hypothesis, careful studies have been made relating 
bactericidal activity to properdin concentration. The relationship between 
properdin concentration and the per cent of the bacterial population killed is not 
a linear or first-order reaction. ‘Transformation of the properdin concentration 
to a logarithmic function produces a characteristic S-shaped curve. If, how- 
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ever, the susceptibility of the bacterial population is considered to be a nor- 
mally-distributed characteristic, and the per cent of the bacterial population 
killed is converted thereafter to a normally distributed function by probit 
transformation, a linear relationship can be demonstrated. 

The closeness of fit of the logarithm of properdin concentration to the probit 
of the percentage of the bacterial population killed resembles that of many other 
bactericidal phenomena and is entirely consistent with the hypothesis that the 
bacterial population employed contains a range of organisms with normally 
distributed graded susceptibility to the properdin system. ‘The degree of lysis 
with concentrations up to 0.3 units of properdin per ml. of RP appears related 
closely to such population variability. 

If the degree of bacteriolysis is dependent upon the relative proportions of 
susceptible bacteria in the inocula, as suggested by these experiments, then 
the relative rate of lysis should be independent of the size of the inoculum. 

This hypothesis can be evaluated by taking limiting concentrations of pro- 
perdin in RP and using inocula varying in bacterial concentration by ten 
thousandfold. The relative rate of lysis under these conditions has been 
found to be independent of the size of the inoculum. The data obtained in 
this manner do not resemble linear or first-order reactions. Consideration of 
the fact that the bacterial population contains normally distributed variance 
(by probit transformation of the per cent of the bacterial population killed), 
however, again reduces the relationship to linearity. By this transformation 
it has been found that there is a direct relationship between the probit per cent 
killed and time, independent of the size of the inoculum. 

The relative rate of bacteriolysis by the properdin system at uniform proper- 
din concentrations appears, therefore, to be independent of the size of the 
inoculum and dependent upon normally distributed variability within the 
bacterial population used. The amount of lysis, while dependent in part upon 
the concentration of properdin, is influenced markedly by similar variance 
within the population of the bacterial inoculum. The effect of such intrinsic 
bacterial variability in the determination of the relationship between properdin 
concentration and the rate of bacteriolysis can be avoided by using a standard 
inoculum and choosing a uniform per cent of the bacterial population killed as 
a reference point. 

By relating the probit per cent of the bacterial population killed at varying 
times to the logarithm of the properdin concentration, a family of curves can 
be obtained. Similarly, by relating the probit per cent of the bacterial popu- 
lation killed to time, a family of curves for various properdin concentrations 
is apparent. 

A combination of such data from multiple determinations in simultaneous 
experiments allows an estimate of the time at which 50 per cent bacteriolysis 
occurs with various properdin concentrations. The time needed to produce 
50 per cent lysis is essentially an index of rate, independent of the intrinsic var- 
iance of the bacteria. 

From such calculations it has been found that at properdin concentrations 
greater than 0.3 units per ml. the time required to produce 50 per cent bac- 
teriolysis changes little with increasing properdin concentration. The rate 
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appears fairly constant. Other factors, probably including the complement 
content of the serum, appear to be limiting. At properdin concentrations of 
less than 0.3 units per ml. of RP, however, there is a marked change in rate with 
varying properdin concentration, and a linear relationship between the log- 
arithm of properdin concentration and the time required to produce 50 per cent 
bacteriolysis becomes evident. This linear relationship between the logarithm 
of properdin concentration and time for 50 per cent lysis to occur when the in- 
terfering factor of bacterial variance is eliminated suggests a relatively simple 
process. 


Summary and Conclusions 


The kinetics of the bactericidal process indicate that the degree and rate of 
bacteriolysis is in part dependent upon a normally distributed variability in 
susceptibility to the properdin system of the bacterial population of the strain 
used. In this respect the quantal response of bacteriolysis by the properdin 
system resembles many other bactericidal processes. 

It has been found that sensitivity or resistance to the properdin system in 
vitro is a property of the strain, not of the species:! the kinetics of the bac- 
tericidal process suggest that, within limits, a single strain also contains both 
relatively resistant and relatively sensitive bacteria.2 Thus the susceptibility 
of bacteria to the properdin system appears to be an intrinsic property of the 
strain, not of the species, and of the bacterium within the population of the 
strain, not of the strain itself. Work is at present in progress to determine fac- 
tors involved in this attribute of the bacterium. 

While the quantitative data relating to properdin concentration in these in 
vitro studies may have little relationship to the properties of the properdin sys- 
tem in vivo, the qualitative aspects relating to the bacterium may well apply to 
animal experiments. 

It appears possible, for example, that if the bacterial flora in the animal 
population to be tested are predominantly properdin resistant, stress that allows 
such flora to invade the animal might not yield a satisfactory model for the de- 
termination of the influence of the properdin system in protection against such 
stress. The property of susceptibility to the properdin system relates to the 
strain, not to the species, since strains within a species may be either resistant 
or sensitive to the system. This fact suggests that in challenge experiments a 
properdin-sensitive strain of bacteria for the challenge may be advantageous 
for the demonstration of the effect of the properdin system on such a chal- 
lenge. Even if the susceptibility of the organism to the properdin system is 
shown, however, in interpreting data it may be worth while considering that 
the property of susceptibility to the properdin system of a strain of bacteria 
is not necessarily an all-or-none phenomenon and may be related to the indi- 
vidual bacterium in the strain, not to the strain itself. 
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INACTIVATION OF VIRUS BY THE PROPERDIN SYSTEM* 


By Harold S. Ginsberg and Ralph J. Wedgwood 


Departments of Preventive Medicine, Medicine and Pediatrics, School of Medicine, 
Western Reserve University, and the University Hospitals, Cleveland, Ohio 


Potentiation of viral neutralization by addition of unheated normal serum 
to specific immune serum or by the use of unheated serum containing anti- 
bodies has been described for several viruses.!* In addition, the inactivation 
of vaccinia virus by normal rabbit serum® and influenza A virus by normal 
guinea pig serum’? has been reported. From these studies it has been con- 
cluded that complement alone or in conjunction with specific antibody neu- 
tralizes certain viruses.!-!9 

Investigations reported in 1949" showed that normal fresh human, guinea 
pig, rabbit, and mouse sera contained a heat-labile component that combined 
with and neutralized influenza A, influenza B, mumps, and Newcastle disease 
viruses. The reaction was temperature-dependent and was considered to re- 
quire calcium. The data indicated that, whereas hemolytic complement was 
necessary for inhibition of virus, there was another heat-labile factor present 
in serum that combined with virus and was essential for viral inactivation. 
The evidence suggested that the heat-labile factor was a protein, but further 
purification and identification was not accomplished." The work of others 
was in agreement with these findings." 

Isolation of the normal serum protein component, properdin, and descrip- 
tion of the properdin system by Pillemer and his co-workers'® have suggested 
that the components of the heat-labile inhibitor of viral activity might be re- 
lated to or identical with the factors that comprise the properdin system. This 
relationship was found to exist.!®:'® It is the purpose of this paper to sum- 
marize the experiments that equate the heat-labile inhibitor of fresh normal 
serum to the properdin system. These studies are described in detail else- 
where.1® 


Results 


The properdin system was described from studies carried out with human 
serum.’ Human serum was therefore used to determine whether the pro- 
perdin system inactivated virus and whether this serum system was identical 
with the heat-labile serum inhibitor. For these studies it was considered es- 
sential to employ a virus that had the following characteristics: (1) it could be 
readily and accurately quantitated; (2) its specific antibodies were not usually 
present in human sera; and (3) heat-stable inhibitors of its activity were either 
not detectable or were present in low concentration in human sera. Newcastle 
disease virus, an agent propagated conveniently in chick embryos and measured 
accurately by its capacity to hemagglutinate chicken red blood cells, fulfilled 


* This investigation was conducted under the sponsorship of the Commission on Acute Respiratory Diseases, 
Armed Forces Epidemiological Board, and was supported in part by the Office of The Surgeon General, Depart- 
ment of the Army, Washington, D. C.; and, in part, by grant No. H-1643-C from the National Heart Institute, 
National Institutes of Health, Public Health Service, Department of Health, Education, and Welfare, Be- 
thesda, Md., and Lederle Laboratories Division, American Cyanamid Company, Pearl River, N. Y. 
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these criteria. The materials used and details of the techniques employed in 
this investigation are described elsewhere.!® 

TABLE 1 presents in detail an experiment that demonstrates the inhibition 
of hemagglutination of Newcastle disease virus, hereafter termed NDV, by 
fresh but not heated human serum. ‘To avoid small quantities of heat-stable 
inhibitor, the reagent to be tested was mixed with an equal volume of virus. 
The mixture was incubated at 37° C. for 30 minutes, following which, serial 
twofold dilutions of the mixture were prepared and chicken red blood cells 
were added to each tube. The hemagglutination titer was determined after 
1 hour at 4° C. This experimental procedure took advantage of the fact that 
virus once combined with the heat-labile inhibitor does not dissociate when 
diluted," whereas the heat-stable viral inhibitor forms a reversible inhibitor- 
virus complex. The titer was the same whether NDV was mixed with saline 
or with serum heated at 56° C. for 30 minutes. Mixture of virus with fresh 
unheated serum, however, resulted in a sixteenfold reduction of the hemaggluti- 
nation titer, expressed as the “inhibition index.”’ This reduction was equiva- 
lent to inactivation of over 93 per cent of the virus. By definition, the “in- 
hibition index” (titer of control/titer with test reagent), when no inhibition of 
virus is measured, is 1. Since an index of 1 indicates no inhibition of virus, it 
is reported hereafter as zero. 

Properdin requirement for inhibition of virus. ‘To determine whether proper- 
din was essential for inhibition of NDV by the heat-labile inhibitor in fresh 
serum, sera deficient in this single component were prepared by adsorption with 
zymosan.!® The effect of such adsorption on the inhibition of virus is shown 
in TABLE 2. A single adsorption at 15° C. for 30 minutes using 3 mg. of zymo- 
san per ml. of serum lowered the properdin content to 2 units per ml. of serum. 
This decrease in properdin concentration, however, did not reduce the amount 
of virus inhibited. A second adsorption under the same conditions lowered 
the properdin titer below a measurable level and induced a considerable de- 
crease in viral inhibition. A third adsorption at 37° C. for 30 minutes removed 
all detectable inhibitor. Serum rendered deficient in properdin has been 
termed RP.!5 


TABLE 1 


Errecr oF Fresh Human SERUM ON HEMAGGLUTINATION TITER OF NEWCASTLE 
DisEASE Virus (NDV) 


Reaction mixture* Hemagglutination titration Virus inhibited — 


Virus Reagent 8t 16 32 64 | 128 256 
NDV Saline +/+ [4+ we +E § si 
NDV Fresh serum + ies} OORT 0 
NDV Heated serum** +) + | tl +tit+ 133) 


* Incubated at 37° C. for 30 minutes. 
Reciprocal of final dilution of NDV. 
Titer of control/titer-test reagent. 
End point. 

** Fifty-six degrees C. for 30 minutes. 
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TABLE 2 
CONDITIONS FOR PREPARATION OF RP 


Times serum Hemagglutination 


adsorbed with Temperature, °C. Properdin units titer of reagent Inhibition index 
zymosan* NDV mixture 
0 8 1:8 64 
1st 15 2 1:8 64 
2nd 15 <i 1:128 2 
3rd 37 <<il 1:256 0(1) 


* Three mg. zymosan/ml. serum. 
} Thirty minutes adsorption period. 


TABLE 3 


PROPERDIN REQUIREMENT FOR INHIBITION OF NEWCASTLE DISEASE 
Virus (NDV) By FresH SERUM 


Hemagglutination titration 


Serum reagent tested Virus inhibited 
Titer 
Inhibition index Per cent 
Fleatetle, SG Ui tepaymaeververctererceersteretevacens 1:128 0 0 
TDeSDYSGLUIS Secs, rasca, seals die factvereieictesels Ses 1:16 8 87.5 
2a thn Re AARP O ORIEOR. tn ee ae 1:128 0 0 
RR et ten es eo ee ae Aecos eeeteis 2. Taz 4 75.0 
Pie ete hee ies Soe cee ew ae as. 1:128 0 0 


* Fifty-six degrees C. for 30 minutes. 


To establish that properdin was essential in inhibiting viral activity it was 
necessary to determine whether antiviral action could be restored by the addi- 
tion of properdin to a serum from which properdin had been removed (RP). 
The results of one experiment are summarized in TABLE 3. The capacity to 
inhibit hemagglutination was restored to the serum, although full antiviral 
function was not reinstated by addition of the same amount of properdin that 
was present in the original fresh serum. This was frequently the case, and it 
was probably the result of a reduction in C’3 titer by multiple zymosan ad- 
sorptions.” The converse also occurred, as demonstrated in TABLE 4. In this 
experiment viral inhibition was measured by infectivity titrations in the allan- 
toic sac of the chick embryo. These results indicate the capacity of the heat- 
labile inhibitor to reduce infectivity of NDV. These data are presented to 
point out that, whereas adsorption of properdin from serum reduced its viral- 
inhibitor content, many of the RP’s employed still retained some inhibitory 
action even though properdin could not be detected by the hemolytic assay 
method.!® In these RP preparations there was no reduction in C’3 titer. 
Complete inhibitory function, comparable to that of the fresh serum, was 
attained when properdin was added to the RP. These data clearly implicate 
properdin as a serum component essential for inhibition of NDV by fresh serum. 
They also point out that a full ration of C’3 is essential to obtain maximum 
viral inhibition, even with the addition of a large quantity of properdin. 
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TABLE 4 


PROPERDIN REQUIREMENT FOR INHIBITION OF INFECTIVITY OF NEWCASTLE 
DisEASE Virus (NDV) By FrEsH SERUM 


Reagent tested* Infectivity titer, log Inhibition index, log 

E.1.D.sot 

Buffer 32 24sin.cechws see tad cad erioaieneteee —9.5 

Fresh |SCrtind cs 2,0 o,a.cve atete epsheleinias Saranac —5.3 4.2 

Heatediserum ]. 2). csare,- Serie e slepeiuiees oie > ie rettele —9.2 0.3 

RP. oak nine an OTC eee ee —8.5 1.0 

RP properdin... ss eee eee eee —5.0 4.5 

Properdin.,..: 2.0.00 eescic- ee eee eee eee oS —9.3 0.2 


* Reagent + NDV incubated at 37° C. for 30 minutes. 
} E.I.D.s0 = 50 per cent embryo-infectious doses. 
t Fifty-six degrees C. for 30 minutes. 


TABLE 5 
ComrLEeMENT (C’) REQUIREMENTS FOR INHIBITION OF NEWCASTLE DiIsEASE Virus (NDV) 


Reagent tested* Virus inhibited 
Component C" absent Properdin units | Hiepagglutnation |. Tofertivty 
INONEe sen cosc mere nce oe aceaen te 8 16 3.0 
CARA) BR RaOee cher. caterer ieie rae 0 0 0.0 
CARTY seen cre eee heros : 0 0.1 
(C2 RY) Siasricicve We seeks Bice eee eee Oars 2-4 0 0.5 
CISCRS) Ts eee See ee ea eee 0 0 Uy? 
C3CRS)Te nk ie Aree eee eee 7 0 1.4 
None (C3CR3)) iC) ee meter 7 — eS 
(GACRA) 22h sats a hte ree sive ae teenoiae 8 0 0.3. 
None CRTs R2) ie foe Say vn aettets eter 5 8 — 


* Reagent + NDV incubated at 37° C. for 30 minutes. 
{ Ten per cent of original concentration of C’3 remained. 


Requirement for complement components on inhibition of Newcastle disease 
virus. To determine whether inhibition of NDV by fresh serum required all 
components of complement as well as properdin, sera deficient in different com- 
ponents of complement were tested for viral inhibitory action. It is clear from 
the data (TABLE 5) that all components of complement as well as properdin 
were essential for viral inhibition. Serum made deficient in C’3 (R3), while 
less inhibitory than whole serum, retained some inhibitor as measured by in- 
fectivity titrations, probably because C’3 was not completely depleted. Pro- 
perdin, although presumably present, could not be detected by the hemolytic 
assay.'® Properdin added to a level comparable with that measured in normal 
serum did not increase viral inhibition. When purified C’3 was added to the 
R3 the inhibitory activity was restored. Inhibitory activity of serum was also 
reinstated when reagents from which C’1 (an R1) or C’2 (an R2) had been 
removed were recombined (the addition of ‘“‘end-piece”’ to “‘mid-piece”). Total 
restoration did not result because the addition of R1 to R2 resulted in a twofold 
dilution in respect to whole serum. 

Thus, as with other activities of the properdin system,!* ”: 1° all constituents 
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of complement in addition to properdin were essential for inhibition of NDV. 

The role of magnesium in the inhibition of Newcastle disease virus. In addi- 
tion to properdin and complement, the properdin system requires magnesium 
for all of its described activities." To equate inactivation of NDV by the heat- 
labile serum inhibitor to the properdin system, the cation requirements for viral 
inhibition were investigated. Serum was mixed with a cation exchange resin, 
Amberlite IRC-50 in the sodium cycle, to remove magnesium and calcium.”° 
As shown in TABLE 6, resin-treated serum deficient in these cations did not 
inhibit hemagglutination by NDV. Addition of calcium to a concentration of 
5 mM. did not restore antiviral activity to the serum. When a similar con- 
centration of magnesium was added, however, full inhibitory activity was re- 
stored. When both calcium and magnesium were added, inhibition was not 
enhanced beyond that obtained with magnesium alone. 

The quantitative relationship between magnesium concentration and amount 
of virus inhibited was investigated. Preliminary experiments” indicated that 
a direct logarithmic function existed between the quantity of virus inactivated 
and the concentration of magnesium used (between 0.02 and 2.5 mM./liter). 
These data suggest that to inactivate NDV the interactions of magnesium with 
the other components of the properdin system occur in multiple proportions. 

A number of other divalent cations were also tested to determine whether 
magnesium was a specific requirement for activity of the properdin system in 
the inhibition of virus. Of the cations tested, only manganese could substitute 
for magnesium in the inhibition of hemagglutination by NDV. The concen- 
tration of manganese required for this function, however, was considerably in 
excess of that present in the serum of man or animals, precluding the possibility 
that it might play a physiologic role in natural resistance to infections. 

Optimum temperature for inhibition of Newcastle disease virus by fresh serum. 
Functions of the properdin system have been shown to require temperatures 
above 15° C.!° 7 Jn addition, the optimum temperature for reaction of pro- 
perdin with zymosan is above 15° C.1° The thermal requirements for inacti- 
vation of NDV by fresh serum were investigated to determine whether they 
corresponded with those described for other reactions of this system. The re- 
sults of these studies, summarized graphically in F1GURE 1, indicate that be- 


TABLE 6 


CATION REQUIREMENT FOR INHIBITION OF NEWCASTLE DISEASE ViRUS 
(NDV) By FresH SERUM 


Cation present 
Reagent tested* Inhibition index 
Calciumt Magnesiumt 
LSC Ha Thai ey ee eo + + 16 
Resin treated serumf{................. 0 0 0 
Resin treated serum{................ + 0 0 
Resmitreated seruml cic. shoe se Ss.- 0 + 16 
Resin treated serum]................ = ap 16 


* Reagent + resin treated NDV incubated at 37° C. for 30 minutes. 


Five mM. : 5 
if Banta reacted with cation exchange resin (Amberlite IRC-50, sodium cycle). 
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Ficure 1. Effect of temperature on inactivation of Newcastle disease virus (NDV) by fresh human serum. 
Serum- and NDV-infected allantoic-fluid mixtures were incubated at the indicated temperatures for 30 minutes. 
Viral activity was measured by hemagglutination titrations. 


tween 10° C. and 35° C. there was a straight line function between the quantity 
of virus inhibited and the temperature of incubation of the virus-serum mixture. 

Quantity of properdin required to inhibit activity of Newcastle disease virus. 
Previous data suggested that the quantity of properdin in fresh human serum 
was considerably in excess of that necessary to accomplish inhibition of NDV. 
Experiments were designed to determine the minimum concentration of pro- 
perdin required in serum to accomplish viral inactivation. In the first series 
of experiments properdin was added in increasing amounts to properdin- 
depleted serum, and the inhibition of viral infectivity was determined. The 
results are summarized in riGURE 2. It will be noted that the RP employed 
was not entirely lacking in antiviral activity. The addition of as little as 0.1 
unit of properdin per ml. of serum increased viral inactivation considerably. 
As increasing quantities of properdin up to 2.5 units per ml. were added, there 
was a progressive increase in the embryo-infectious doses (E.1.D.50) of virus 
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Ficure2. The relationship between properdin concentration and the quantity of virus inhibited. Increasing 
amounts of properdin were added to a serum rendered properdin-deficient by adsorption with zymosan (RP). 
Final volumes were constant in all mixtures. Infectivity titrations were employed to determine active New- 
castle disease virus (NDV). 
inhibited. At a concentration of 2.5 units of properdin per ml. of serum the 
inhibition of virus corresponded to that obtained with the parent serum. 
Further addition of properdin did not increase viral inactivation. Indeed, the 
data suggest that excessive amounts of properdin added to serum actually de- 
creased the viral inhibitory activity. 

When similar experiments were done, and the inhibition of virus was meas- 
ured by hemagglutination titrations, similar results were obtained. These 
studies are summarized in TABLE 7. In this instance the RP employed again 
had inhibitory activity, although it was considerably less than that obtained 
with the original serum. Heated RP (56° C. for 30 minutes) and properdin 
alone did not inhibit hemagglutination by NDV. It is striking in these data 
that it was necessary to add only exceedingly small amounts of properdin, 0.03 
units per ml., to inhibit a quantity of NDV that corresponded to that amount 
inhibited by the original serum. With concentrations of properdin greater 
than 0.03 units per ml. there was no increased inactivation of virus. 

From the experimental results obtained, it is not possible to determine the 
absolute minimal concentration of properdin essential to inactivate NDV be- 
cause the RP’s employed all had a residuum of antiviral activity. These data 
do imply, however, that the concentration of properdin necessary was less than 
that concentration detectable by current assay procedures and was considerably 
less than that found in the serum of man under a variety of conditions in health 
or disease.” : 
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TABLE 7 


QUANTITY OF PROPERDIN REQUIRED TO INHIBIT HEMAGGLUTINATION OF 
NEWCASTLE DisEASE Virus (NDV) 


Reagent tested* Units properdin added Inhibition index 


Bufler iy Pics case Menai won oe eee ee eae 
R 


aw 

WY 
SOSSSNHOONS 
OR ESSROMOR 


oorn 


* Reagent + NDV incubated at 37° C. for 30 minutes. 
{ Fifty-six degrees C. for 30 minutes. 


Effect of serum-Newcastle disease virus interaction on properdin and complement 
levels. Since inactivation of NDV by fresh human serum required pro- 
perdin, all components of complement, and magnesium, it was important to 
estimate the role of each of these factors in order to derive hypotheses concern- 
ing the mechanism of viral inactivation. Experiments were designed to de- 
termine whether or not the active factors in the properdin system were bound 
when reaction with virus occurred. Fresh serum was mixed with undiluted 
NDV-infected and normal allantoic fluid, and the mixtures were incubated 
at 37° C. for 30 minutes. Analyses were then made to determine the hemag- 
glutination titer as well as the concentration of properdin, hemolytic comple- 
ment, and complement components in each mixture. The results of 3 experi- 
ments are summarized in TABLE 8. These data indicate that with inactivation 
of virus the amount of properdin measured by the standard assay procedure 
decreased without a significant reduction in the titer of complement or its 
individual components. These findings correspond to those previously re- 
ported from an investigation of the heat-labile inhibitor of guinea pig serum, 
in which the inhibitor was bound by influenza virus without a decrease in titer 
of complement." It might be suggested from these data that inactivation of 
NDV is accomplished by the combination of virus with properdin. The reac- 
tion requires all components of complement, although they are not combined 
with the infectious agent in detectable quantities. 

The effect of ion exchange resin upon the Newcastle disease virus-properdin com- 
plex. ‘To inactivate NDV by the properdin system, magnesium or manganese 
were required. Previous investigation of the heat-labile inhibitor in fresh 
guinea pig serum indicated that inactivated virus could be dissociated from 
inhibitor by chelation of the divalent cation with sodium citrate. The reac- 
tion that yielded reactivated virus was not an immediate one, and it was tem- 
perature-dependent." Preliminary experiments were carried out to determine 
whether NDV inhibited by the properdin system could be similarly reactivated 
by removal of cation from the reaction mixture. To a serum-NDV mixture 
in which 93.5 per cent of the virus was inhibited, an equal volume of the ion 
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TABLE 8 


EFFECT ON SERUM PROPERDIN AND COMPLEMENT TITERS OF INCUBATION 
witH NEwcastTLE DIsEAsE Virus (NDV) 


Titer components of properdin system 


} ; ps Inhibiti 
Reaction mixture ace 
18 ee Cr C2 C’3 C4 
Serum NID Vis decemitonic ce ence 64 4 80 400 | 270 | 270 | 1070 


Serum + allantoic fluid............ _ 7 90 560 | 290 | 290 | 1010 


* Incubated at 37° C. for 30 minutes. 


exchange resin, Amberlite IRC-50 in the sodium cycle, was added. The mix- 
ture was incubated for varying periods at 37° C. and at room temperature, 
centrifuged, and the hemagglutination titer was determined. The results of 
these experiments indicated that there was no immediate increase in hemag- 
glutination titer of the mixture, nor was an increase in free virus detectable 
after incubation at 37° C. for 30 minutes. When the serum-virus-resin mix- 
ture remained at room temperature (22° to 24° C.) for 18 hours and the resin 
was finally removed by centrifugation, a marked reappearance of hemaggluti- 
nating virus was measured. Although a marked and significant quantity of 
virus (35 to 50 per cent) was dissociated from the inactive combined state, in 
no experiment was it possible to reactivate all of the inhibited NDV. These 
data suggest that either the capacity to remove magnesium from the reaction 
was limited under the conditions of these experiments or the remainder of the 
virus was completely inactivated. Furthermore, these data suggest that mag- 
nesium is an important linkage in the properdin-NDV combination. Finally, 
the results of these experiments clearly imply that all of the virus inhibited is 
not irrevocably inactivated by the properdin system as measured by hemag- 
glutination. 


Discussion 


The data presented indicate that the heat-labile virus-inhibitory system of 
fresh normal human and animal sera!! is indeed the properdin system.!® It had 
been demonstrated previously that inhibition of influenza, mumps, and New- 
castle disease viruses by unheated serum required a heat-labile factor in addi- 
tion to all components of complement and a divalent cation thought to be 
calcium.!! The results of this investigation indicate that the unknown heat- 
labile factor was probably properdin and that the divalent cation was mag- 
nesium. That the heat-labile inhibitor can be equated to the properdin system 
was further demonstrated by the similarity of experimental results that showed 
corresponding temperature dependence, adsorption of properdin or heat-labile 
inhibitor without significant reduction in complement or complement com- 
ponent titers, and the reactivation of virus by reducing the availability of mag- 
nesium to the virus-properdin (or inhibitor) complex. 

A consideration of the data presented permits one to raise hypotheses con- 
cerning the possible mechanism by which the properdin system inactivates 
NDV and probably other viruses affected by fresh normal serum. The role of 
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complement is not clear. That all components are essential for viral inac- 
tivation, however, appears unquestionable. Indeed, any reduction in C’3 at 
least rendered a serum incapable of maximum inhibition regardless of the con- 
centration of properdin available. Conversely, a serum with its full ration of 
complement components attained its maximum effectiveness with an extremely 
small amount of properdin. Despite this essentiality for complement, the 
components could not be demonstrated to be bound to virus. The concen- 
tration of properdin, on the other hand, was reduced when virus was inacti- 
vated. 

These data suggest that NDV was inactivated as a result of the combination 
of virus and properdin in the presence of magnesium and the components of 
complement. The dissociation of the complex with liberation of active virus 
probably resulted from preferential binding of magnesium by an ion exchange 
resin. These results imply that magnesium was not only necessary for asso- 
ciation of properdin with NDV, but also that magnesium was essential to main- 
tain this combination. This introduces the notion that virus-properdin asso- 
ciation is linked by magnesium. Removal of magnate breaks the linkage, 
and active virus is again detectable. 

The experimental results imply that NDV, as well as other viruses inactivated 
by fresh normal sera, is affected by the properdin system by a mechanism simi- 
lar to its bactericidal, hemolytic, and antitoxoplasmic effects.” 1% *%:*4_ These 
studies raise the provocative implication that the viral particles of the species 
affected may have chemical or physical configurations similar to or identical 
with certain bacteria, abnormal erythrocytes, protozoa, and complex poly- 
saccharides. Indeed, the data suggest that NDV at least reacts with the 
properdin system in a manner that might be likened to the reaction between 
zymosan and properdin. It is clear, however, that all viruses do not react with 
the properdin system, nor do all bacteria and all red blood cells. Although the 
list of animal viruses inactivated by fresh normal serum alone (influenza A and 
B, mumps, Newcastle disease, and vaccinia): #! or in conjunction with antibody 
(Rous sarcoma, western equine, herpes simplex, and dengue viruses)*~: ®* is 
impressive, many important agents such as poliomyelitis™® and the newly de- 
scribed respiratory viruses”® are not inactivated by fresh normal serum. 

There is no evidence available yet as to the role that the properdin system 
might play in either natural or acquired immunity in viral infections. One 
may hypothesize that infection with influenza, vaccinia, or herpes virus remains 
localized and that demonstrable viremia is rare because of the inactivation of 
these agents by the properdin system. This would imply that the occurrence 
of detectable viremia would result from a reduction in properdin or complement 
levels. With properdin, at least, this seems unlikely because so little of this 
serum component is required to effect maximum viral inactivation. More- 
over, viremia is an important phase in the pathogenesis of a disease such as 
mumps. This agent, however, is readily inactivated by the heat-labile in- 
hibitor system in human sera.!! 

Much further study is necessary in order to determine whether this extremely 
interesting inhibitory system, the properdin system, does play an active role in 
the protection of man and animals from certain viral infections. From a teleo- 
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logical viewpoint it would seem odd, however, that this complex, effective in- 
hibitory system should be without any beneficial role. 


Summary 


The properdin system, comprised of properdin, all components of comple- 
ment, and magnesium, was demonstrated to be responsible for the capacity 
of fresh human serum to inactivate Newcastle disease virus (NDV). Rela- 
tively small quantities of properdin were required for viral inactivation. A 
mixture of NDV-infected allantoic fluid and fresh human serum resulted in 
inactivation of virus and a decrease in properdin titer, but did not effect a sig- 
nificant reduction in titer of any of the components of complement. Inacti- 
vation of NDV was partially reversed by the ion exchange resin, Amberlite 
IRC-50 in the sodium cycle. 
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Discussion of the Paper 


Doctor L. LEvINE (Division of Laboratories and Research, New York State 
Department of Health, Albany, N. Y.): All of you who have worked with animal 
viruses can appreciate the amount of work that is represented by Doctor 
Ginsberg’s report. Realizing the difficulties inherent in studies with animal 
viruses, Helen Van Vunakis, James Barlow, and IJ are investigating the neutra- 
lization of bacterial viruses by fresh sera. We have used T» phage, one of 
the T-series of bacteriophage active on Escherichia coli B. This virus can be 
obtained in highly purified form in gram quantities, and 1 stock solution of 
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virus is stable over a period of years. It can be assayed easily with desirable 
precision. In addition, this virus can be radioactively labeled, using P® for 
the nucleic-acid portion and S* for the protein coat. In this manner, studies on 
the mechanism of neutralization are feasible. 

We have found that To, phage is inactivated by fresh human, pig, cow, rat, 
rabbit, mouse, and guinea pig sera.1_ Experiments on the role of properdin and 
complement (C’) in phage neutralization were conducted with human-serum 
reagents lacking C’1, C’2, C’3, C’4, and properdin. No neutralization was 
observed with any of these reagents. Recombination of any 2 C’ reagents that 
restored C’ activity, as judged by hemolysis, also restored the viricidal activity. 
When fresh serum was heated at 56° C. for 15 minutes, the phage-neutralizing 
activity was destroyed. Viricidal action was eliminated by the addition of the 
chelating agent, ethylenediaminetetraacetate, indicating a requirement for 
divalent cations and further implicating the C’ system. A reagent lacking 
properdin (RP) prepared by treating fresh human serum with zymosan ex- 
hibited no neutralizing activity. Purified properdin (sent to us by Louis 
Pillemer), when added to RP, restored viricidal activity, and the degree of 
neutralization depended on the quantity of purified properdin added. 

The effect of pH, ionic strength, temperature, and metals on the neutraliza- 
tion of T, phage by fresh human serum was studied. This system appears to 
be pH and ionic-strength sensitive with the optimum pH being between 6.7 and 
7.1, and the optimum salt concentration 0.126 osmolar. The divalent cations 
Mgtt, Mn**, and Co*t enhance the phage-neutralizing activity. The rate of 
reaction is temperature-dependent, with the optimum between 36° C. and 
42°C. Preliminary kinetic experiments show inhibition at high concentrations 
of sera. 

These studies on the neutralization of bacteriophage by fresh human sera 
suggest that the reaction may be an indicator of properdin levels. The feasi- 
bility and reliability of using phage neutralization to assay for properdin is 
under investigation. 
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THE RELATIONSHIP OF TOXOPLASMA ANTIBODY ACTIVATOR 
TO THE SERUM-PROPERDIN SYSTEM* 


By Harry A. Feldman 


Depariment of Public Health and Preventive Medicine, State University of New York, 
Upstate Medical Center at Syracuse, N. Y., and the Kilian Laboratory, 
Wieting-Johnson Hospital for Rheumatic Diseases, Syracuse, N. Y. 


It was reported in 19481 that a heat-labile serum component, since known as 
“activator,” was required in order for neutralizing antibodies to affect Toxo- 
plasma gondii. Human serum was found to be the most suitable source of 
activator because, in the absence of antibody, such serum had no effect upon 
the parasite. Normal fresh mouse serum also was found not to affect Toxo- 
plasma, but neither would it restore the “activator” effect to serum from which 
this effect had been removed by heating for 30 minutes at 56° C. Since mouse 
serum is poor in C’2 and C’3, the role of complement in the system was explored 
further. C’1 and C’2! } derived from human complement were restored, both 
singly and in combination, to inactivated human serum. This restoration re- 
sulted in the reconstitution of complement for a hemolytic reaction, but not 
in the renewal of Toxoplasma activator. This experience led to the conclusion 
that the hemolytic complement, per se, was not the heat-labile serum com- 
ponent required for the functioning of the Toxoplasma antibody system. It 
was learned also that proportionately more activator was required for the 
functioning of the Toxoplasma antibody system than complement was for the 
hemolysis of sensitized sheep cells. 

Human sera were found to differ from other animal sera in another respect. 
Fresh, normal rabbit, guinea pig, rat, monkey, sheep, cow, horse, and dog sera, 
in the absence of antibody, were found to kill most of the parasites in a suspen- 
sion and to destroy their affinity for alkaline methylene blue, which is used as 
the indicator in the dye test. Specific antibody is presumed not to be present 
because, when such sera are inactivated prior to examination in the dye test, a 
negative reaction is generally encountered. Other inactivated animal sera 
were found to yield significant antibody titers when titrated in the presence of 
the standard human activator. These reactions are consistent with the pat- 
terns observed following experimental infections. 

Although this nonspecific antitoxoplasmic affect has received scant attention, 
there has been some feeling that it might play a role in natural resistance. It 
has been noted that young animals are more likely to succumb to inoculation 
with parasites than are mature animals. The latter frequently have nonfatal 
infections despite the fact that parasitemia can be detected. A prominent 
exception to this is the mature rabbit, which usually dies following the intra- 
dermal introduction of virulent parasites. One could assume that this factor 
reduces the inoculum to the point where the host has an opportunity to provide 
himself with sufficient protection to withstand the later dissemination of the 
parasites. In the case of the intradermal inoculation, the parasites may be 
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protected from the serum systems until they are able to multiply. If this ex- 
planation is correct, then one would have to assume that the nonspecific factors 
are produced or increased to a significant degree with the maturation of the 
animal. Obviously, much remains to be learned about these mechanisms and 
in view of our awakened interest in the activator, we recently have turned our 
attention to nonspecific systems. 

The activator system, both by accident and design, has been investigated 
by us from time to time. In the original’ paper describing the dye test, it was 
stated that 8.5 per cent saline inhibits the dye test although it does not interfere 
with the staining of Toxoplasma. This observation has been examined further 
in subsequent studies and it was learned that the action of the activator is in- 
hibited by the presence of NaCl concentrations of 2 per cent” or greater. Al- 
though it had been customary to destroy the activator effect by incubating 
serum at 56° C. for 30 minutes, we have since conducted a detailed study of 
the effect of temperature on human activator and found that the critical tem- 
perature is 48° to 49° C., that is, whereas 10 to 12 hours at 37° are required 
to destroy 50 per cent of the activity, the same point is reached after 4 to 5 
hours at 42° C., 2 hours at 45° C. and only 10 to 12 minutes at 47.5° C. At 
50° C., 4 to 5 minutes are sufficient, while at 53° C., 2 to 3 minutes and at 
56° C., 1 to 2 minutes are sufficient to destroy 50 per cent of the effect. Only 
30 to 45 seconds are required at 60° C. In each instance, the activator was 
held in ice water until it was transferred to a water bath heated to the tempera- 
ture under study. We believe that the lag is due in part, if not entirely, to the 
time required to bring the temperature of the test system? from approximately 
4° C. to the test temperature. 

In other experiments it was learned that dialysis of activator against distilled 
water in the cold for 24 hours did not destroy its activity.” 

We prepare activator, generally, by removing 500 ml. of blood from a human 
donor who has no antibodies. The blood is drawn directly into a flask contain- 
ing glass beads, where it is defibrinated by agitation as it is being removed. 
Following the completion of defibrination, the blood is transferred to large 
centrifuge bottles, the cells quickly sedimented, and the serum is removed, 
pooled, distributed to smaller vials, and rapidly frozen in a dry ice-alcohol 
mixture. All of these steps are conducted in the cold. We know that activator 
will remain unaffected at least for 4 years when stored in dry ice, but there is 
considerable evidence to suggest that 3 to 4 weeks at —20° C. will result in a 
significant loss of potency. 

Several years ago it occurred to us? that a simpler way to prepare activator 
would be to use 1 of the newer plastic bleeding units that contains a resin col- 
umn to remove the calcium. This proved to be a simple, effective method for 
collecting serum but, much to our surprise, the activator processed in this 
fashion turned out to be very poor. Although it was not completely ineffec- 
tive, it was too inactive to allow for its regular use. We then set up a series of 
experiments in which the various metals that the resin had removed were re- 
introduced, and found that when we replaced the magnesium we got a reason- 
ably good return of activity. This led to the impression that magnesium played 
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a role in the activator system but, unfortunately, this effect could not be pro- 
duced with regularity. 

To sum up, we knew that Toxoplasma antibody required the presence of heat- 
labile serum components in order to exert an adverse effect upon the parasite. 
In the case of human serum, no measurable effect could be detected unless anti- 
body was present. Mouse serum had no effect unless human serum was added 
to the system. The fresh sera of other animals could exert a marked effect on 
the parasite in the absence of antibody, and this effect could be destroyed by 
heat. The activator of human serum was destroyed at temperatures of 48° to 
49° C. by 2 per cent saline, was nondialyzable against distilled water, and could 
be stored indefinitely in dry ice. There was a suggestion, at least, that mag- 
nesium was important for its action. If complement was important, the evi- 
dence suggested that that portion which is necessary for the lysis of sensitized 
sheep cells was not solely involved in the Toxoplasma system. 

When the properdin system was reported,’ it was apparent that activator 
would have to be restudied from this point of view. That this might occur to 
more than 1 investigator is obvious and, in fact, Grénroos of the University of 
Helsinki, Helsinki, Finland, conducted such studies, which have been reported.4 
Grénroos was interested in studying the mechanism of the dye test, and he came 
to the conclusion that activator serum is made up of properdin plus C’2, C’3, 
and C’4. Although he does not directly state it, the assumption is that he 
found that magnesium was also required. He seems to think, however, that 


TABLE 1 
EFFECTS OF VARIOUS PROPERDIN MIXTURES UPON TOXOPLASMA IN THE DyE TrEst* 


Test mixture Dye test 

Serum Properdin added units Shoe et Interpretation 
RPf 0 -- 88 12 Negative 
Ra 25 (Human) 70 30 Negative 
RP 10 (Human) 20 80 Positive 
RP 5 (Human) 20 80 Positive 
RP 2.5 (Human) 10 90 Positive 
RP 1.25 (Human) 20 80 Positive 
RP 10 (Bovine) 84 16 Negative 
RP 4 (Bovine) 50 50 Positive 
RP 0.5 (Bovine) 14 86 Positive 
Normal serumt 0 _- 96 4 Negative 
Saline 250 (Human) 94 6 Negative 
Normal serum{ 250 (Bovine) N.C.§ N.G, Negative 
Saline 250 (Bovine) NG N.C, Negative 
Neg. serum cont. — a 96 4 Negative 
Pos. serum cont. _ — 6 94 Positive 


* RH strain of Toxoplasma from mouse peritoneal exudate.! Peritoneal exudate (0.1 ml.) added to 0.4 ml. of 
serum or saline. Properdin added as 0.03 ml. or less. Heparin added in final concentration of 1:10,000. 0.1 ml. 
of Toxoplasma-serum-properdin mixture added to 0.1 ml. of antibody-containing human serum which had been 
diluted 1:8 with saline or a saline equivalent. & 

** 100 parasites counted. 50 per cent or more unstained = positive effect. 

Human serum lacking properdin but containing hemolytic complement. 
Serum inactivated for 30’ at 56° C. 
§ Not counted. Almost all stained. 
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properdin (possibly with C’2, C’3, and C’4) can affect Toxoplasma in the dye 
test in the same way that properdin and immune serum react together. Groén- 
roos infers that given sufficient properdin, one may encounter a positive dye 
test in the absence of antibody. He also offers the hypothesis that in con- 
genital toxoplasmosis the expression of fetal disease is dependent upon the 
presence of an inadequate maternal properdin level prior to the appearance of 
antitoxoplasmic antibodies. 

Our own experiences (summarized in TABLE 1) have led to somewhat different 
conclusions. It is apparent that the complement and Mg** alone do not help 
antibody activity. Large quantities of either human or bovine properdin, per 
se, also do not act upon Toxoplasma, nor will properdin activate serum whose 
complement and properdin have been removed by heat inactivation. As ina 
bactericidal system, the addition of an excess of properdin to the RP serum 
results in inhibition of the reaction.® 

In the light of these experiments it appears that the heat-labile serum com- 
ponent labelled “‘accessory factor” in the original description of the Toxoplasma 
dye test! is similar to, if not identical with, the properdin system’ as it is now 
defined: properdin + complement + Mgt+t. The role of C’1 requires further 
clarification. 

If the “accessory factor” is the properdin system, then, in the present state 
of our knowledge, Toxoplasma represents an almost unique situation, since it 
provides the only example in which the action of an antibody is dependent upon 
the presence of the properdin system. This phenomenon is either unique for 
Toxoplasma, or occurs with other protozoa as well, or else antibodies have not 
been recognized when present in the other places where the properdin system is 
directly active. A final possibility is that perhaps there is some other substance 
in the properdin system that is not detectable in the nonantibody situations 
but may be required for the action of Toxoplasma antibody. 

An analogous system may be present among the viruses for, while it has 
been demonstrated that the properdin system inhibits certain viruses® in the 
same way that it is bactericidal for some gram-negative organisms, it has also 
been pointed out! that the neutralizing effect of antisera upon dengue virus 
depends upon the presence of heat-labile serum components. This possible 
exception is worthy of further exploration. 
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PROPERDIN LEVELS IN INFECTIOUS AND 
NONINFECTIOUS DISEASE* 


By Carl F. Hinz, Jr. 


Department of Medicine, School of Medicine, and the Institute of 
Pathology, Western Reserve University, Cleveland, Ohio 


The possibility that the properdin system might be involved in human dis- 
ease first became apparent when it was found that the properdin system is 
required for the hemolysis in vilro of the abnormal erythrocytes from patients 
with the chronic hemolytic anemia known as paroxysmal nocturnal hemo- 
globinuria (PNH).!:?__ As yet, this is the only instance in which properdin has 
been shown to interact with an abnormal human tissue, presumably leading to 
the destruction of that tissue. 

Paroxysmal nocturnal hemoglobinuria is a rare hemolytic anemia, the chief 
characteristic of which is an acquired abnormality of the erythrocyte such that 
hemolysis occurs in vitro in the patient’s own or in any other normal human 
serum. No antibody has been found to be required for this reaction. Thus 
the defect is in the erythrocyte, and the hemolytic system is a property of nor- 
mal human serum. Observations previously reported? have shown that a nor- 
mal human serum will hemolyze PNH erythrocytes, but a serum lacking in 
properdin or any of the components of complement will fail to produce hemoly- 
sis. The addition of purified properdin te a properdin-deficient serum restores 
hemolytic property. Properdin fails, however, to restore hemolytic activity to 
a serum that lacks any component of complement. The removal of magnesium 
renders a serum nonlytic for PNH erythrocytes, but the addition of magnesium 
ions restores the hemolytic property. Thus properdin, the components of 
complement, and magnesium, which make up the properdin system, are all re- 
quired for the hemolysis of PNH erythrocytes in vitro. This requirement for 
properdin in PNH hemolysis appears to be unique among naturally occurring 
systems, since none of the immune hemolytic systems tested have similar re- 
quirements. It should be noted, however, that normal human erythrocytes 
treated with tannic acid require the properdin system for hemolysis im vitro in 
human serum." 

During the past 2 years, 4 patients with PNH have been studied.* In each 
of these individuals an extremely low properdin level has been detected at some 
time during the course of his disease. One patient, a Negro woman, has had 
severe hemolytic disease for 10 years and has required approximately 100 trans- 
fusions. Repeated properdin determinations have been obtained during the 
last 2 years. During the periods of crisis or intense hemolytic activity, the 
serum-properdin level has been low. On some occasions during remission, 
when there was less hemolytic activity, the serum-properdin level was observed 
to be within normal limits. The mechanism responsible for this lowered proper- 
din level at the time of marked hemolytic activity is unknown. The possi- 


“This investigation was conducted under the auspices of the Commission on Immunization, Armed Forces 
Epidemiological Boards, and was supported in part by the Office of the Surgeon General, re orca of the Army, 
Washington, D. C., and in part by a grant (H1263 C) from the National Heart Institute, National Institutes of 
Health, Public Health Service, Department of Health, Education, and Welfare, Bethesda, Md. 
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bility exists that utilization of properdin occurs during the hemolytic process 
im vivo. Properdin is not utilized during the hemolysis of PNH erythrocytes 
in vitro, however, nor has it been demonstrated that properdin combines with 
the stroma of PNH erythrocytes. 

Properdin combines in vilro with a variety of polysaccharide substances, in- 
cluding the cell walls or endotoxin from gram-negative bacteria and polysac- 
charides from certain pneumococci. In addition, a fall in properdin level in 
vivo has been observed in animals following experimental infection, hemor- 
rhagic shock, and whole-body irradiation, states in which death has been 
attributed to endotoxemia or bacteremia.’:® These data suggested that 
changes in serum-properdin level might occur in certain human diseases, par- 
ticularly infections. Accordingly, serum-properdin levels have been determined 
on a group of patients from the medical and surgical services of University Hos- 
pitals of Cleveland, Ohio, and on serum samples submitted from other institu- 
tions. These results are admittedly incomplete, and many diseases are not 
included. As determined by the zymosan assay,’ the serum-properdin level in 
most normal individuals is between 4 and 8 units per ml., and itremains constant 
over many months. No normal individual has had a properdin level of less 
than 2 units. Since considerable variation between individuals has been noted, 
greater significance has been attached to changes in the properdin level during 
an illness rather than to a single determination. Accordingly, serial determina- 
tions were done on all patients. It is to be pointed out that the zymosan assay 
for properdin as it is usually performed measures a minimum of 1 unit per ml. 
of serum. 

In a wide variety of normal and abnormal conditions no changes in properdin 
level have been observed. Patients of all age groups, from the newborn* to 
the elderly, have similar properdin levels, and no sex differences have been en- 
countered. Properdin levels are unrelated to fever or to the leukocyte count 
of peripheral blood. In patients with infectious diseases, changes in leukocyte 
count over a range of 100 per cu. mm. to 40,000 per cu. mm. are not associated 
with changes in properdin level. In patients with various forms of leukemia, 
normal properdin levels have been observed coincident with leukocyte counts 
ranging from 600 per cu. mm. to 300,000 percu.mm. In addition, observations 
made in conjunction with E. B. Buynak of Georgetown University, Washing- 
ton, D. C., have indicated that whole blood from patients with extremely low 
serum-properdin levels has normal phagocytic activity. Other observations 
indicate that changes in the amounts and ratio of serum proteins have no effect 
on properdin level. It is not known, however, whether the presence of ab- 
normal serum proteins may affect properdin determination. Some sera from 
patients with multiple myeloma are anticomplementary, and it is difficult to 
interpret properdin determinations on such sera. Isoantibodies, heterophile 
agglutinins, and cold agglutinins do not influence properdin titers. 

Data obtained by Benson ef al.’ indicate that properdin level is unaffected by 
anesthesia and uncomplicated surgery. Uncomplicated splenectomy has not 
been accompanied by change in the properdin level, nor have adrenalectomy 


* Serum from infants and children was supplied by R. J. Wedgwood. 
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and various forms of adrenal substitution therapy caused change in properdin 
level.8 In a small group of patients who had received localized radiotherapy 
to the head, neck, chest, spleen, and back in doses as high as 3,000 r, no change 
in properdin level was observed. 

Certain human diseases are associated with an increased susceptibility to in- 
fection. Although it is possible that a predilection to infection might be asso- 
ciated with a spontaneously occurring properdin deficiency, no evidence has 
been obtained in support of such a view. Disorders of this sort in which normal 
properdin levels have been obtained during infection-free periods include 
agammaglobulinemia, chronic recurrent infection in which gamma globulins are 
normal, bronchiectasis with repeated pulmonary infections, hepatic cirrhosis, 
acute leukemia, administration of steroids, diabetes and nephrosis. An addi- 
tional group of patients in whom normal properdin levels have been observed 
include severely malnourished patients with anorexia nervosa, patients with 
myocardial infarction, patients with a variety of both localized and metastatic 
malignancy including both lymphoma and carcinoma, patients with a variety 
of forms of tuberculosis, and patients with acute and chronic rheumatoid 
arthritis.* 

A number of bacterial infections have been observed in which a change in 
properdin level has occurred. ‘These include 8 of 15 patients with pneumo- 
coccal pneumonia, 14 of 15 patients with pyelonephritis caused by a variety of 
gram-negative organisms, and individual patients with Hemophilus influenzae 
meningitis, meningococcemia, and bacillary dysentery. In a variety of other 
infections, including streptococcal pneumonia, primary atypical pneumonia, 
and subacute bacterial endocarditis caused by Streptococcus viridans, normal 
serum-properdin levels were encountered. 

At the time of admission to the hospital, serum-properdin levels of less than 
1 unit per ml. were usually observed in those patients who showed a change. 
Under treatment, the serum-properdin level returned to normal, usually during 
the first week of hospitalization. No subsequent rise in properdin above nor- 
mal levels has been detected in this group of patients. Total serum-comple- 
ment and C’3 levels have been normal, and no change in complement has been 
demonstrated to be related to the change in properdin level. In 6 of the 8 
patients with pneumococcal pneumonia, there was the return to normal proper- 
din level during the first week of hospitalization (FIGURE 1), but in 2 of the 
patients who were acutely ill on admission and who had protracted courses, the 
serum-properdin level remained below 1 unit per ml. during the time of the 
severe illness and returned to normal only during convalescence. The reason 
for this prolonged low level of properdin is unknown. It is also interesting to 
note that in the patient with meningococcemia (FIGURE 2) a normal serum- 
properdin level was detected at the time of admission to the hospital when the 
organisms were cultured from the blood. On the third hospital day an ex- 
tremely low properdin level was detected, and thereafter the properdin level 
returned tonormal. The other patients with gram-negative infections had low 
properdin levels at the time of admission to the hospital. 


* Sera from patients with tuberculosis were supplied by Frank Horsfall, and from patients with rheumatoid 
arthritis by George Heller. 
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FicureE 2. Properdin level in meningococcemia. 


Observations made in conjunction with E. B. Buynak of Georgetown Uni- 
versity on a group of patients with pyelonephritis from a variety of gram-nega- 
tive organisms indicate that during the acute phase of the infection the serum- 
properdin level may be extremely low. At the same time the bactericidal ac- 
tivity of the patients’ own serum on the organism cultured from the urine is also 
low. With convalescence there is a return to normal in both the serum-proper- 
din level and the bactericidal activity of the serum, although there is not a 
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uniform correlation between the level of properdin in the serum and the ability 
of that serum to kill the infecting organisms in vitro. 

The mechanism responsible for the fall in properdin level during acute bac- 
terial infection is unknown. The fall during the acute illness may occur as a 
result of the direct combination of properdin with bacterial products im vivo. 
In vitro experiments indicate, however, that amounts of substances such as 
pneumococcal polysaccharide required for the combination or removal of 
properdin from serum are far greater than would be present im vivo during a 
pneumococcal infection. There is no assurance, however, that the conditions 
for the combination in vitro are identical to those in vivo. It is of interest that 
low properdin levels have been detected only in those diseases caused by organ- 
isms for which there is some evidence for combination of bacterial products 
with properdin in vitro. The fall in properdin may also be due to the combina- 
tion of the properdin with host-tissue products released as a result of tissue 
damage during the infection.? In numerous other infections presumably in- 
volving as much tissue damage as those in which a change in level occurred, 
however, no change in properdin level has been observed. 

Persistently low serum-properdin values have been observed only in patients 
with paroxysmal nocturnal hemoglobinuria. Although occasional high pro- 
perdin levels have been detected in some individuals, no disease states char- 
acterized by a persistently high level have been observed. Sanford and 
Landy,'° however, have recently noted that the administration of extremely 
small amounts of purified Eberthella typhosa \ipopolysaccharide resulted in a 
marked rise in the serum-properdin level. A marked pyrogenic response 
occurred following injection of 0.1 wg. of the purified lipopolysaccharide in a 
young adult male. No change in properdin levels occurred for 6 hours after 
injection, but serum obtained 12 and 24 hours after injection had high proper- 
din levels. ‘Thereafter there was a gradual fall, returning to the initial level 
at the third day. When the serum samples were centrifuged at 35,000 g. for 
2 hours, however, a higher and more sustained rise in properdin level was ob- 
served. Thus a striking rise in properdin level was observed following injec- 
tion of purified bacterial lipopolysaccharide, and an even greater rise was noted 
when the serum samples were first centrifuged at high speed. This is the only 
instance in humans in which an abnormally high properdin level has been ob- 
served and in which a difference in properdin level between centrifuged and 
uncentrifuged samples has occurred. 

In summary, low properdin levels have occurred in humans with a variety 
of diseases including paroxysmal nocturnal hemoglobinuria, gram-negative 
infections, and pneumococcal pneumonia. Elevated levels have been observed 
after the injection of purified typhoid lipopolysaccharide. The mechanism of 
these changes remains unknown, but in each instance the clinical state could 
be correlated with the ability of the responsible agent to interact with the 
properdin system in vitro. 
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THE PROPERDIN SYSTEM IN RELATION TO FATAL BACTEREMIA 
FOLLOWING TOTAL-BODY IRRADIATION OF 
LABORATORY ANIMALS* 


By Oscar A. Ross 


Western Reserve University, Cleveland, Ohio 


During the past 2 years studies have been carried out on the properdin 
system in animals. These studies were a natural outgrowth of observations 
by Pillemer and his associates!’ ? demonstrating that the properdin system is 
responsible, in part, for the bactericidal properties of serum and, secondly, 
that zymosan combines with properdin im vitro. 

The present studies are based on 2 hypotheses. First, if the properdin 
system is, indeed, concerned with humoral mechanisms of host resistance and 
susceptibility, then the parenteral addition of purified properdin or the active 
stimulation of properdin production might alter an animal’s ability to with- 
stand bacterial infection. Second, if the response of an animal to stimulatory 
materials or injurious experiences is known, or can be evaluated, then the 
subsequent ability of the animal to withstand infection might be studied in a 
predictable fashion. 

Total-body irradiation, in the mid-lethal range, 500 r to 800 r, has been used 
for these studies. In this range it is known that a bacteremia of enteric origin, 
mainly with Escherichia coli, Pseudomonas pyocyanea and Bacillus proteus, is a 
frequent terminal event. Total-body irradiation to produce bacteremia has 
been used with a full understanding that it is, indeed, total-body injury with 
many auxiliary effects in addition to the infection. 

Several other factors complicate evaluation of the role of properdin in infec- 
tion. Thus many properdin-insensitive strains exist among the gram-negative 
organisms.! Also, it has been noted that while partially purified properdin, 
freshly isolated, has a sedimentation constant of 24 to 30 S, this material, when 
stored at 1° C., shows a progressive fall to a sedimentation constant of 3 S 
with ultimate loss of in vitro activity. No information is available yet con- 
cerning the interrelations between the sedimentation constant of properdin 
and its 7m vive activity. Further, relatively little is known concerning biolog- 
ical differences in properdins isolated from the blood of different animal species. 
The properdin preparations used in the experiments to be described here have 
not been characterized as to sedimentation constant or molecular size. In each 
instance, however, they were assayed by the zymosan method for properdin 
activity. 

Initial interest in the properdin system in infection arose as a result of 
experiments on tumor production in rats following total-body irradiation. At- 
tempts to increase the number of survivors in such experiments by the 
administration of antibiotics were under trial when the relationship of the proper- 
din system to the bactericidal properties of serum became known. ‘The present 


* re study was supported in part by Grant AT (30-1)-1749 from the Atomic Energy Commission, Washing- 
ton, D, C. 
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Ficure 1. Effect on properdin and complement titers in rats following 500 r total-body irradiation. 


studies were undertaken to investigate the relationship of properdin to sub- 
sequent fatal bacteremia in the serum of irradiated animals. 

Initially, a group of rats was subjected to 500 r total-body irradiation. 
Serum-properdin titers and complement titers were followed progressively for 
13 days. A rapid initial fall in serum-properdin titer was observed within the 
first 48 hours, followed by further fall to undetectable levels (FIGURE 1). Con- 
comitantly, total complement rose to 150 per cent, while C’3 rose to 300 per 
cent, C’4 rose to 200 per cent, and C’l and C’2 remained unchanged. A fall 
in properdin has also been shown in mice and dogs following total-body irradi- 
ation.’ 

Following this demonstration of the effect of total-body irradiation on the 
properdin system, a number of trials were undertaken using limited quantities 
of partially purified properdin administered parenterally in the postirradiation 
period. The samples available varied from experiment to experiment. Both 
human and bovine materials were used, and no characterization other than 
activity by zymosan assay was available. 

In an initial experiment, 3 groups of CF 1, 15 to 18 gm., female mice were 
subjected to 820 r of total-body irradiation.* One group of 22 mice was in- 
jected intravenously on the 2nd, 24th, and 48th hours postirradiation with 50 
units of partially purified bovine properdin. ‘The second group of 24 mice was 
injected intravenously with 0.7 mg. of bovine-serum albumin on the same time 
schedule. The third group of 24 mice was held as a control. In the properdin- 


* Radiation data: 218 kv., 15 ma., 1 mm. Cu + 0.5 mm. Al filter HVL = 1.35 mm. Cu; target distance 
32.1 cm.; 128 r per minute at target. 
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treated group, 14 out of 22 animals survived for at least 16 months. In the 
albumin and radiation controls there was 100 per cent death in 7 days. 

Several experiments were carried out using 600 r total-body irradiation, 
followed by an intravenous dose of 50 units of properdin administered on se- 
lected postirradiation days (TABLE 1). When properdin was administered to 
mice on the 2nd, 3rd, 4th, or 10th day postirradiation, survival was similar to 
or less than controls. Animals treated on the 5th day postirradiation, however, 
showed a fourfold (7/16) greater 30-day survival rate than the untreated 600 r 
controls (7/64). None of the animals treated on the seventh day postirradia- 
tion survived for 30 days (0/16). In addition, an accelerated death rate over 
the control rate was observed. 

These experiments suggest that a fall in the properdin titer of irradiated 
animals may be an important factor in the development of fatal postirradiation 
bacteremia. To investigate this relationship more definitively, a large, uni- 
form, well-characterized batch of purified human properdin is needed. This 
need is emphasized by the results of an experiment employing 4 separate proper- 
dins, prepared by 3 different laboratories, that were tested in mice following 
600 r on the 24th and 120th hour postirradiation. Fifty units of properdin were 
administered intravenously at both times in each animal. At 30 days post- 
irradiation these preparations yielded widely variable results from 13 per cent 
(3/23) to 38 per cent (9/24) survivals as compared to 25 per cent (6/24) for 
the control group. : 

As previously reported,*: ® intravenous injection of zymosan into CF 1 mice 
results in an initial marked fall in serum-properdin levels followed by a rebound 
that is dose-dependent. The properdin response curves following 3 zymosan 
doses in 15 to 18 gm. CF 1 female mice (5, 25, and 125 mg. per kg.) show initial 
falls in properdin levels proportional to the dose given. The subsequent rise 
in titer is inversely proportional to the dose, the smallest dose yielding the 
most pronounced elevation, while the largest dose results in a return of serum 
properdin to less than original levels over a 10-day test period. Thus injec- 
tions of graded doses of zymosan into mice at various time intervals before 
irradiation provided another approach to evaluation of the role of the properdin 
system in altering the bacteremia of irradiation. 


TABLE 1 
SURVIVAL OF CF 1 Mice TrEeATED INTRAVENOUSLY witH 50 Units 
or PARTIALLY PuRIFIED BOVINE PROPERDIN FOLLOWING 
600 rk Totat-Bopy IRRADIATION 


Postirradiation day of treatment 30-day survival 


1/20 
3/20 
2/20 
7/16 
1/16 
0/16 
, 4 days) 8/24 
, 10 days) 7/64 


Controls (2, 
Controls (5, 


_ 
sw CTUPOD 
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Accordingly, the following experiment was performed. Fifteen- to 18-gm. 
female CF 1 mice of a single shipment were divided into groups of 20. Seven 
days following receipt of the mice, 0.1 mg. or 2.5 mg. of zymosan per mouse 
was administered intravenously via the tail vein in a volume of 0.5 ml. The 
mice were housed, after injection and following 600 r irradiation, in groups of 
12 that had received the same zymosan dose. An air-conditioned, humidity- 
controlled animal room was used, and daily census and weight was recorded 
for 30 days (TABLE 2). 

The results demonstrate a beneficial effect of zymosan on 30-day survival of 
mice when zymosan is given in low dose (0.1 mg.) at 24 hours before irradiation, 
or in high dose (2.5 mg.) at 24 or 48 hours before irradiation. In contrast, the 
low dose (0.1 mg.) administered 48 hours before irradiation not only fails to 
protect but results in increased susceptibility to irradiation. 

In a similar experiment, properdin titers were determined on pooled serum 
from heart blood in the period immediately prior to and following irradiation 
of mice that had received 0.1 mg. or 2.5 mg. of zymosan intravenously. Twenty- 
four hours following the low dose (0.1 mg.), serum-properdin titers were rapidly 
rising and fell only moderately within 3 hours after radiation exposure (TABLE 
3). Forty-eight hours following this dose (0.1 mg.) in a second group of mice, 
serum-properdin titers were maximally elevated (up to 200 per cent of normal) 
and showed a marked fall 3 hours after irradiation. At the higher zymosan 
dose (2.5 mg. per mouse), preirradiation serum titers, although rising, were 
still below original levels at 24 and 48 hours. Both of these groups showed 


TABLE 2 


SurvivaL oF CF 1 Mice SusjectED To 600 rR Totat-Bopy 
TRRADIATION FoLLowinc INTRAVENOUS ZYMOSAN 


Zymosan dose (mg./mouse) 600 r time following zymosan (hours) 30-day survival, S/T 
0.1 24 15/24 
48 1/24 
225) 24 16/24 


48 17/24 


Control 600 r only 7/24 


TABLE 3 


EFFECT OF INTRAVENOUS ZYMOSAN ON SERUM-PROPERDIN LEVELS 
or Mice Forttowine 600 r Torart-Bopy IRRADIATION 


Zymosan Properdin level 
Time admin- 
Dose (mg.) istered 
oy et : Immediately before 600 r 3 hours after 600 r 30-day survival 
0.1 24 Rising Minimal fall Increased 
48 Maximal Maximal fall Decreased 
239 24 Low and rising Minimal fall Increased 
48 Moderate and rising Moderate fall Increased 


600 r only _ Falling Slight fall —_— 
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TABLE 4 
SurvivaL or CF 1 Mice Supjecrep To 600 r Torar-Bopy 
IRRADIATION FOLLOWING INTRAVENOUS INJECTION OF 
Mucin, DExTRAN, AND LEVAN 


Time of administra- 
Compound, given intravenously Dose (mg.) tion before 600 r 30-day survival, S/T 
(hours) 
Gastric mucin (Hog) 75 96 3/25 
24 3/25 
Levan B512E 10 96 14/23 
24 3/25 
Dextran 1146 10 96 2/25 
24 4/25 
Zymosan FL-2 OZ, 24 16/25 
600 r only _ — 0/25 


only a moderate fall in serum titer 3 hours following irradiation. The 30-day 
survival data show that a rising properdin titer preirradiation, followed by a 
small decline postirradiation, is perhaps indicative of protection. Thus it 
appears that the /evel of the properdin titer at the time of challenge is not 
correlated with ultimate survival following 600 r total-body irradiation. 
Rather, the hypothesis is suggested that the response of the properdin system 
to irradiation is altered by pretreatment with zymosan in a manner related 
both to time of administration and to dosage, and that the survival rate is, in 
part, dependent on the nature of this response. 

In addition to zymosan, a number of high molecular-weight polysaccharides 
have been studied for their ability to combine with properdin in vitro, to alter 
serum-properdin levels in mice when administered intravenously, and to alter 
the radiation response when administered prior to irradiation. Of these com- 
pounds, Levan B512E satisfies the i vitro criteria’ of removing properdin from 
serum, inactivating C’3, and binding properdin in such a way that properdin 
may be eluted from the polysaccharide-properdin complex. Hog gastric 
mucin and Dextran 1146 fail to meet these criteria fully. 

TABLE 4 gives the results of irradiation challenge of mice treated 24 or 96 
hours prior to 600 r irradiation. It is noteworthy that both zymosan (FL-2) 
and Levan B512E yield substantially greater protection than either mucin or 
Dextran 1146. These experiments demonstrate that certain high molecular- 
weight polysaccharides will protect against 600 r total-body irradiation. 
Furthermore, there appears to be good correlation between in vitro activity in 
the properdin system of a given polysaccharide and its in vivo activity in pro- 
tecting against the bacteremia of irradiation. 


Summary 


Partially purified human and bovine properdin, administered during the 
postirradiation period, partially protects mice against the bacteremia fre- 
quently occurring in this situation. More conclusive data in this area await 
experimentation with a large, uniform batch of human properdin in the near 
future. The usefulness of testing this material, however, is heavily dependent 
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upon further and more precise knowledge of the relationship of molecular size 
to biological activity and upon the utility of heterologous properdin in mice 
and other laboratory animals. In addition, the incidence of properdin-insensi- 
tive strains of bacteria in a given experiment must also be considered. 


Certain high-molecular weight polysaccharides, administered during the 


preirradiation period, also partially protect mice against total-body irradiation. 
Such compounds, of which zymosan is the prototype, fulfill certain established 
criteria of in vitro activity in the properdin system. 
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THE EFFECT OF IRRADIATION ON NATURAL 
RESISTANCE TO INFECTION 


By C. Phillip Miller 
Department of Medicine, University of Chicago, Chicago, Ill. 


Of the various rays and particles that the physicists have developed, the 
only ones with which we need be concerned are X or gamma rays and fast 
neutrons. I shall discuss fast neutrons very briefly toward the end of this 
paper. For our purposes, the effects of X and gamma rays may be considered 
identical provided they are delivered at approximately the same rate. 

In most experimental work, X rays have been used for purely practical 
reasons. In all of the experiments that I shall describe, the radiation was 
delivered uniformly to the whole body of the animal and, unless otherwise 
noted, in a single exposure lasting about a quarter of an hour. The dosage of 
radiation falls within the range commonly described as moderate, that is, a 
dose that causes death of 50 to 100 per cent of the animals within 30 days, 
with the maximum mortality occurring about the 11th or 12th day. 

If the dose of radiation is progressively increased, more and more of the 
animals die earlier, with evidence of injury to the intestinal tract. Bond, 
Silverman, and Cronkite! have called this effect of very high doses the “in- 
testinal syndrome”’ to differentiate it from-the effects of moderate doses desig- 
nated the ‘‘bone-marrow syndrome.” 

The early, or intestinal, syndrome results from exposure to high doses of 
radiation, above the LDio9. The mean survival-time is short, and, of the 
pathological findings, damage to the gut is the most prominent. In fact, this 
syndrome can be produced by irradiation of the gut alone, or of even a portion 
of it. The intestinal syndrome is a most interesting phenomenon, but one 
that does not concern us here because death occurs quickly and inevitably. 
It is mentioned solely for the benefit of those who may not be familiar with the 
various effects of irradiation. 

The bone-marrow syndrome is produced by lower doses of radiation, pro- 
vided all of the bone marrow is exposed. The mean survival-time. is approxi- 
mately 11 days, and the pathological findings include anemia, hemorrhage, 
and evidence of generalized infection. 

This comparison of the effects of high and moderate doses of radiation ex- 
plains why the latter are used in the study of host resistance to bacterial infec- 
tion. This paper is limited to discussing bacterial infection because resistance 
to virus infections is not much altered by irradiation, at least not in the adult 
mammalian host. 

The effect of irradiation as measured by the 30-day LD5o varies considerably 
among the various species of laboratory animals. Rather than belabor you 
with the values reported by various workers, I shall merely list the following 
animals in the order of their decreasing susceptibility: the guinea pig (most 
susceptible), the dog, mice of various strains, rats of various strains, the ham- 
ster, and the rabbit (most resistant). Of these laboratory animals, the mouse 
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TABLE 1 


Errects or Totat-Bopy Exposure To A Mip-LETHAL 
Dosr or X oR y RADIATION 


Days postirradiation 
1-3 4-7 8-14 15-21 
Geukopenia io. sed anso: Ae ee « ete APSE sf a= 
(ARMA? che ios cc 53 Ae ee oes ~ —- +-+-+ +4 
Hemorrhages.s gcc ersic os. sae ete eae - + +e - 
Wreleht loss ns a0. «.+:c.01-d eet ee + + + - 
Injury to: 
Spleen, lymph glands sancti eee Si Spal ++ a5 
PB ONE ANALY OW teres tee eee ere eer ++ SSaiea ++ + 
Intestinal Mucosa... <1 see eee ++ Se — = 


has been the most extensively used, for obvious reasons of economy and con- 
venience. 

Total-body irradiation at or near the LDso results in a complex series of 
physiological disturbances and morphological changes. The tissues of the 
body vary considerably in their susceptibility to irradiation. Among the most 
sensitive are the thymus, spleen, lymph glands, bone marrow, and the mucosa 
of the intestinal tract. At the other extreme is the central nervous system, 
which is quite resistant. 

TABLE 1 lists some of the results of irradiation at or near the LD5o. It has 
been compiled from many sources in an effort to present in very simplified 
fashion the chain of events that follows exposure to such a dose of X or gamma 
radiation. Leukopenia develops very rapidly, but the white count begins to 
rise during the second week. Anemia develops more slowly, as does the 
tendency to hemorrhage. Weight is lost during the first few days due to loss 
of appetite and also because of vomiting in those animals that can vomit, for 
example, the dog and man. Diarrhea may also occur in some animals with 
resulting loss of fluids and electrolytes. Injury to the intestinal mucosa occurs 
almost immediately, but is rather rapidly repaired. Injury to the spleen, 
lymphoid tissue, and bone marrow, that is, to the whole of the hematopoietic 
system, occurs early. 

The time intervals shown in this table are not precise or equal for all mam- 
mals, but the time relationships are as accurate as one can make them in a 
compilation of this sort. 

The table reveals the fact that the various manifestations of radiation injury 
do not occur simultaneously and that the radiation syndrome in this range 
involves a sequence of events lasting about 3 weeks. It is during the second 
week postirradiation that susceptibility to infection is most pronounced. 

Ficure 1 shows the results of a series of cultures of heart’s blood and spleen 
of mice sacrificed for this purpose—they are not mice that had died. From the 
sixth day through the second week there was a high incidence of positive blood 
cultures.” 

Ficure 2 shows the results of similar cultures on mice irradiated with 450 r. 


SPLEEN ONLY 
yl BLOOD AND SPLEEN 
77 


oO OO § ©!) OF e4;07802- 
INO SO) 99) a 


Miller: Effect of Irradiation 283 


SPLEEN ONLY 


BLOOD AND SPLEEN 


PER CENT 


Zromeee-S 0-7 © 8-99 10=11 12-13 1 
DAYS POSTIRRADIATION 


Ficure 2. Incidence of positive cultures on 597 mice, 35 per day. 


per cent of these cultures were pure cultures. The remaining 9 per cent con- 
tained only 2 microorganisms. 

The duration of life after the onset of bacteremia was found to depend on 
the species of microorganism that had caused the infection. F1cuRE 3 shows 
the results of an experiment in which each mouse had a drop of blood from the 
tail cultured each day beginning on the seventh day postirradiation.* A plus 
sign signifies a positive culture in the daily serial cultures and an X signifies a 
positive culture post-mortem. It is apparent that all of the mice with Pseu- 
domonas bacteremia died within 24 hours after the first positive culture, most 
of them within 18 hours. Those with bacteremia caused by Escherichia colt 
or Paracolobactrum lived longer, several for more than 4 days with paracoli in 
their blood. 
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TABLE 2 
SEVERITY OF THE BACTEREMIAS 


Per cent of positive cultures in 
Colonies per drop of blood 


600 r series 450 r series 


>50 70% 78% 
Innumerable 36 18 


No mouse with a positive culture survived. 

Since Pseudomonas was found to be so rapidly fatal once it had invaded the 
blood stream, it was the microorganism we used for challenge in experiments 
to determine susceptibility to infection. 

A series of experiments was carried out in which irradiated mice were treated 
with antibiotics to support the thesis that the development of generalized 
infection plays a significant role as a cause of death from moderate doses of 
radiation. In other words, these experiments were performed to show that 
infection actually contributes to and is not merely a result of the lethal process. 

Ficure 4 shows the results of treatment with streptomycin, which was 
found to be the most effective of the antibiotics used in these experiments. 
One can see that such treatment resulted in a marked reduction in mortality, 
which means that the control of generalized infection tided over those indi- 
viduals that had not suffered irreparable damage until their defense mech- 
anisms had had time to recover from the radiation injury.* 

It should be pointed out that even in my most successful experiments the 
mortality rate was never reduced to zero. A certain fraction of the mice al- 
ways died despite the fact that generalized infection was prevented. It must 
be presumed, therefore, that this fraction of the mice died of radiation injury 
per se, and that infection, in their case, was not a determining factor between 
survival and death. 

When I say survival I mean survival for 30 to 60 days, because I am not 
concerned here with the late effects of radiation injury. 

A question that troubled my colleagues and me for a long time was why 
there is such a long interval between irradiation and the onset of generalized 
infection. This problem can be more easily understood from the schematic 
diagram in FIGURE 5.° The stippling at the right represents the period during 
which bacteremias of enteric origin most frequently occurred, as shown in 
FIGURES 1 and 2. At the lower left is indicated the appearance and disap- 
pearance of injury to the intestinal mucosa as described in the histopathological 
studies of other investigators.6. 7: Injury to the mucosa of the gut is maxi- 
mal a few hours after irradiation, but is rapidly repaired. 

The curve plotting the leukocyte counts taken from data supplied by Jacob- 
son® shows that by the third day the number of circulating leukocytes has fallen 
below an effective level. There is still an interval of several days before 
microorganisms from the intestinal tract begin to invade the blood stream. 
As I have already stated, we were much puzzled by the length of this interval. 
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Ficure 4. Cumulative mortality curves of mice irradiated with 450 r. 


The explanation has, I believe, been provided by some experiments of Gordon 
et al° These investigators have shown that the intestinal mucosa of the 
normal mouse is not impermeable to bacteria, an observation that had been 
made years ago but that we had to rediscover ourselves. Gordon and his 
colleagues found that in half of the normal mice examined, intestinal bacteria 
were present in the mesenteric lymph nodes. The incidence of positive cul- 
tures of mesenteric nodes did not increase after irradiation despite the injury to 
the intestinal mucosa. These investigators did find, however, that a few days 
after irradiation bacteria began to appear in the liver and spleen before they 
gained entrance to the blood. 

The sequence of events seems to be as follows: in the normal animal, bacteria 
in small numbers are constantly escaping from the intestinal lumen and are 
being trapped by the regional lymph nodes and probably by other elements of 
the lymphoid-macrophage system. By the second or third day postirradiation 
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the number of circulating leukocytes has fallen to an ineffective level and the 
lymphoid tissue has undergone marked atrophy. Two important elements in 
the defense mechanism have, therefore, been eliminated, but the reticuloendo- 
thelial system in the liver and spleen continues to function for a few more days 
and to maintain the sterility of the blood. It is only after the reticuloendothe- 
lial system has broken down that bacteria can get through to the blood stream, 
where they multiply until they cause death. 

Additional studies on the functional activity of the reticuloendothelial 
system were carried out on the rabbit because a larger animal was required for 
such experiments.!! Approximately 1 million bacteria (in this case Klebsiella 
pneumoniae type A) were injected intravenously, and samples of blood were 
withdrawn at intervals thereafter for plate counts—the traditional method of 
studying the clearance of bacteria from the circulating blood. FicurE 6 is a 
composite of results obtained from a number of observations because it was 
inadvisable to subject an irradiated rabbit to more than a limited number of 
bleedings. It will be seen that the colony counts on the normal and irradiated 
rabbits fell rapidly to zero. After a few hours the curves are very different. 
In the normal rabbits there was a period (indicated by the hump) during which 
bacteria reappeared in the blood and then disappeared again and the animals 
survived. Ina rabbit that had been irradiated a few days before with 800 r, 
the numbers of bacteria in the blood increased until the animal died. In other 
words, the reticuloendothelial system of the irradiated rabbit was able to re- 
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move bacteria from the circulating blood as well as did the reticuloendothelial 
system of the normal rabbit, but was unable to retain and destroy them. ‘This 
statement applies to the irradiated rabbit that has been inoculated intraven- 
ously with 1 million Klebsiella. 

While on the subject of rabbits, it should be mentioned that the incidence of 
naturally occurring bacteremia in irradiated rabbits is considerably lower than 
in mice.” Many of the rabbits with negative blood cultures, however, were 
found to have intestinal bacteria in their livers or spleens, a result that sug- 
gests that their reticuloendothelial system was active in protecting the blood 
stream from bacterial invasion. 

I shall now give brief attention to the effect of fast neutrons. Since death 
occurs so much more quickly after fast neutrons than after X or gamma ir- 
radiation, it was supposed that the survival time after fast neutrons was prob- 
ably too short to permit generalized infection to develop. It has been found, 
however, that this is not the case.’ In mice exposed to fast neutrons, bac- 
teremia does occur, but much sooner than after gamma radiation. Also, the 
administration of antibiotics has been found to lengthen the fast-neutron 
survival time and to reduce the mortality, although to a lesser degree than 
after X or gamma irradiation. It seems, therefore, that after exposure to 
fast neutrons, infection does play a role as a cause of death, but a less im- 
portant one than in mice exposed to X or gamma radiation. 
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FicureE 6. Colony counts per ml. of blood. 
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FicurE 7. Incidence of positive cultures. 


Thus far we have been considering the effect of a single brief exposure to 
radiation. If, however, the dose is spread over a long period of time by ex- 
posing animals continuously to low doses of gamma radiation, the effect is 
quite different. In some preliminary experiments we have found that mice 
exposed to about 60 r/day can accumulate 2 or 3 thousand r before their re- 
sistance to experimental infection is much reduced, despite the severe leuko- 
penia they develop. In the experiment summarized in TABLE 3 the mice 
began their irradiation at different times so that they could be challenged with 
the same culture along with unirradiated controls from the same shipment that 
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TABLE 3 


RESULTS OF CHALLENGE WITH PSEUDOMONAS AERUGINOSA AFTER 
Continuous ExposurRE TO 63 R PER Day vy RADIATION 


Days, Radiation Leukocyte Deaths following i.p. inoculation with: 
expose accumulate: (medians) i ee ait me a a 
0 0 10,000 10 0 0 0 
36 2,200 r 1,500 10 9 0 0 0 
43 2,675 r 1,000 10 0 0 0 
50 3,100 r 1,000 10 2 0 0 0 
(10 mice in each group 


had been set aside for that purpose. Had these mice been irradiated with 
600 to 700 r in an acute exposure a week before challenge, they all would have 
died.2, These data are presented to bring out the point that postirradiation 
leukopenia may play a less important role in the mouse’s reduced resistance to 
bacterial infection than we had supposed before we began these studies on the 
effects of continuous exposure to low doses of radiation. 


Summary 


I have tried: (1) to outline briefly the more important effects of total-body 
irradiation on the young adult mammalian host, (2) to indicate the dose range 
that lowers resistance to bacterial infection, (3) to present a plausible ex- 
planation of the pathogenesis of the endogenous bacteremias caused by enteric 
microorganisms that are entirely harmless for the normal host, (4) to compare 
the effects of X or gamma rays and fast neutrons and (5) to compare the differ- 
ences between the effects of a single dose of radiation and prolonged con- 
tinuous exposure to low-dosage radiation. 

I hope I have made the point that ionizing radiation can be profitably ex- 
ploited in the study of the various factors involved in host resistance to bac- 
terial infection. 
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INCREASE IN RESISTANCE FOLLOWING ADMINISTRATION OF 
BACTERIAL LIPOPOLYSACCHARIDES 


By Maurice Landy* 


Department of Bacterial Immunology, Walter Reed Army 
Institute of Research, Washington, D.C. 


In the search for a better understanding of natural resistance to infections, a 
productive approach has been the employment of an ever-increasing variety 
of methods for altering resistance. Thus adrenal steroids, nitrogen mustard, 
ionizing radiation, and various dietary regimens have been employed success- 
fully to increase susceptibility. For the most part, the underlying mech- 
anisms responsible for these alterations remain obscure. It is evident, how- 
ever, that the change is in the host rather than in the parasite. On the other 
hand, it has long been known that, in addition to the specific antigenic com- 
ponents associated with antibacterial immunity, certain bacterial products 
may augment nonspecific defense mechanisms of the host.!:? A number of 
situations have been described that indicate a rapid and transient increase in 
resistance to experimental infections after the injection of killed bacteria.*: 4: ® 
The identity of the bacterial constituents responsible for this nonspecific im- 
munity is not yet known, nor has the mechanism of this early resistance been 
clarified other than by the discovery that it is not associated with detectable 
antibody. 

It has recently been shown by D. Rowley® that, in mice, cell walls of Es- 
cherichia coli and Salmonella typhimurium evoke this type of resistance to 
E. coli infections, while zymosan, an insoluble carbohydrate derived from cell 
walls of yeast, produces a similar resistance against a variety of gram-negative 
pathogens.’:® Moreover, these substances also combine with properdin in 
vitro’ *° and alter properdin levels im vivo8 Present evidence suggests that 
serum-properdin levels of various animals and their resistance or susceptibility 
to certain experimental infections may be related. The properdin system,’ 
which consists of properdin, complement, and magnesium ions, kills or in- 
activates a variety of infectious agents im vitro and appears to be a factor in 
natural resistance. These observations suggested to the author that the 
somatic antigens of gram-negative organisms, that is, the bacterial lipopoly- 
saccharides, might also react with the properdin system and, indeed, might 
be the very component in bacterial cell-wall preparations responsible for the 
effects described by Rowley. A purified protein-free lipopolysaccharide from 
Salmonella typhosa prepared in our laboratories was tested by Louis Pillemer, 
who showed that it did, in fact, combine with properdin im vitro.!° This led 
to a collaborative study with Pillemer on the interaction of lipopolysaccharides 
with the properdin system. From these investigations it was ascertained that 
lipopolysaccharides derived from various gram-negative bacterial species give 
rise, in mice, to an early, nonspecific, transitory resistance to experimental in- 
fections with certain enteric pathogens;" that these bacterial components pro- 
duce a considerable rise in the properdin levels of mice; and that, for the most 
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part, alterations of the properdin levels thus produced are associated with the 
degree of resistance to experimental infection.!* The results of certain phases 
of the aforementioned collaborative investigation are summarized in this 
report. 


General Considerations 


Female white albino mice of the Bagg strain, each weighing 14 to 16 gm., 
were employed in groups of 10 mice. Pilot experiments indicated that the 
biological effects produced were essentially identical, whether the lipopoly- 
saccharides were injected intravenously or intraperitoneally. Thereafter in- 
jections were made by the more convenient intraperitoneal route. Mice were 
exsanguinated by bleeding directly from the heart under chloroform anesthesia. 
Generally 0.5 ml. or more blood was obtained from each animal, and blood 
from groups of 10 mice was pooled to provide a single serum specimen for 
properdin assay. Sera were frozen promptly, held at —55°C., coded, and 
shipped to Pillemer for properdin assay. 

Shortly after these studies were initiated it became apparent that the biolog- 
ical changes to be described were markedly affected by the dose of lipopoly- 
saccharide employed and by the time interval between its administration and 
challenge or between its administration and bleeding for properdin assay. 
Accordingly, most experiments were conducted as time-dose studies that in- 
volved 3 or more dose levels of lipopolysaccharide administered at 7 intervals 
ranging from 120 to 3 hours prior to infection or bleeding. Consequently each 
experiment totaled 21 or more groups of 10 mice each. In most instances, 
the entire experiment was set up in duplicate in order that 1 set of animals 
could be challenged and the other bled for properdin determination. 

In the experimental infection of mice with various gram-negative pathogens, 
the use of mucin as a host-resistance depressant was avoided since it has been 
shown that this material is anticomplementary™ and that it combines with 
properdin in vitro and in vivo.!° Its use would therefore introduce still another 
factor into an already complex system. Instead, 6-hour agar-grown cultures 
of challenge organisms suspended in saline served as challenge inocula. The 
number of organisms administered generally represented 3 to 5 L.D.5). Un- 
less otherwise indicated, mice were experimentally infected with Salmonella 
typhosa type 2. For a number of years, Bagg mice and the type 2 strain of 
S. typhosa have been used for typhoid studies in these laboratories. This 
provided a well-standardized experimental infection in which the major im- 
munological components involved have been identified.!° Thus, in addition 
to the use of this system in the study of nonspecific resistance, it was also 
possible to make certain comparisons with specific immunity. 


Results 


Screening of bacterial lipopolysaccharides.* The bacterial lipopolysaccharides 
employed in this study are the somatic antigenic components of gram-negative 


* The use of the term “lipopolysaccharide” is not intended to imply that such bacterial products are neces- 
sarily homogeneous or composed exclusively of polysaccharide and lipid. For the most part, these substances 
as customarily prepared, also contain nitrogenous and other associated materials in varying amounts. Until 
more is known about which features of chemical structure are essential for each or all of the many biological 
properties possessed by these complex materials, this terminology should be understood as not implying more 
than the foregoing. 
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TABLE 1 
BrotocicaL AcTIVITIES EXHIBITED BY VARIOUS BACTERIAL LIPOPOLYSACCHARIDES 


Product derived from Num- | Response elicited in mice by 10 yg. 
ber of 
Prepared by* prepa- F 
Organism or ’ rations ake Elevated 
a tape tested challenee properdin levels 

Escherichia coli (5 strains)......} S D, W, W-L S active (5) active (4) 
Hemophilus pertussis.......... S W-L 1 active active 
Pseudomonas aeruginosa........ S B, W-L 2 active active 
Salmonella enteritidis.......... R W 1 active negative 
Salmonella schottmuellert....... R W 1 active active 
Salmonella typhosa............ S D, W, W-L 3 active active 
Salmonella typhosa............ R R 1 active active 
Serratia marcescenms............ S) D, S, W-L 3 active negative (1) 
Shigella flexnert.. 2.05. sas S W-L 1 active negative 


* B = Baxter Laboratories, Inc., Morton Grove, Ill.; D = Difco Laboratories, Inc., Detroit, Mich.;R = M. 
Raynaud; S = M. J. Shear; W = O. Westphal; W-L = M. E. Webster and M. Landy. 


organisms. In addition to their specific immunological attributes, they evoke 
in certain experimental animals and in man a characteristic array of physi- 
ological alterations including fever, cellular changes, local skin reactivity, 
toxicity, and even lethal effects.'® 

A total of 18 lipopolysaccharide preparations, many of which were generously 
provided by other investigators, were examined for activity in increasing the 
resistance of mice to infection and for the elevation of properdin levels. As 
shown in TABLE 1, these products were derived from a total of 6 genera, from a 
number of serotypes, and from smooth and rough colonial variants. It is 
noteworthy that they were prepared in 6 different laboratories by varied meth- 
ods of fractionation and purification. Nevertheless, all were active in produc- 
ing in mice an increase in resistance to challenge with Salmonella typhosa. 
Many, but not all, caused an elevation in properdin titer of 50 per cent or more 
above normal. The screening of this collection of preparations for these 
biological activities was limited to 1 dose level (10 wg.) and 1 time interval 
(injected 24 hours prior to challenge or bleeding). A more extensive study 
might well reveal further quantitative, or perhaps even qualitative, differences 
between these preparations. This survey is sufficient, however, to indicate 
that the factor responsible for these effects is common to gram-negative or- 
ganisms and is obtained by a variety of preparative techniques. . 

Production of host products. It had been observed that following the injec- 
tion of 1 to 10 wg. of bacterial lipopolysaccharide, properdin titers of mice 
frequently were elevated but erratic, and failed to show any consistent trend 
or pattern. It had previously been shown by Pillemer e¢ a/.!° that high molecu- 
lar weight polysaccharides of bacterial origin combine with properdin and 
inactivate C’3 in vitro. The presence of these substances in serum interfered 
both with properdin and C’3 assays, and these investigators therefore empha- 
sized that high molecular weight polysaccharides first had to be removed by 
centrifugation at 35,000 g. in order to obtain reliable properdin titers.’ 

A series of experiments was carried out by Landy and Pillemer’ to ascertain 


Landy: Bacterial Lipopolysaccharides 295 


TABLE 2 


PROPERDIN LEVELS OF Mice FOLLOWING INJECTION OF LIPOPOLYSACCHARIDES”” 
Effect of removal of high molecular weight substances 


Hours elapsed between injection of 
lipopolysaccharide and exsanguination 


Treatment of 


Lipopolysaccharide Amount injected A 
derived from ie re prea CLA MM terrasse bare Be 
Units properdin per ml. of serum* 
HE. 

Salmonella typhosa 10 None 24} 9| 12 | 15 | 24) 24 | 24 
0901 Centrifugedt | 12 | 18 | 30 | 36 | 36 | 36 | 24 
Escherichia coli 10 None 24 P24 1282 25305230 
08 Centrifugedf | 12 | 24 | 30 | 30 | 30} 36 | 36 

0.5 ml. of | None 12 

saline Centrifugedt 12 


* Groups of 100 mice were employed to obtain the serum pools representing each product-time interval. 
¢ Thirty-five thousand g. for 2 hours at 2° C. 


whether the removal of high molecular weight substances from serum obtained 
from mice receiving small amounts of bacterial lipopolysaccharides would 
influence their properdin titers. Properdin titrations on such mouse sera 
before and after centrifugation at 35,000 g. for 2 hours are shown in TABLE 2 
It will be seen that between 6 hours and approximately 3 days following ad- 
ministration of lipopolysaccharide, the untreated sera of these mice show lower 
and, at times, erratic properdin values. On the other hand, after centrifuga- 
tion the same sera present a consistent pattern of early rise in properdin levels, 
reaching a maximum of approximately 3 times the normal, which is maintained 
for several days. Thus 6 to 12 hours after injection of this quantity of lipo- 
polysaccharide into mice, high molecular weight substances appear in the blood 
that interfere with the inactivation of C’3 by zymosan. These substances 
persist in the circulation for 48 to 72 hours. The properdin levels are then no 
longer affected by centrifugation. The appearance of these substances in the 
blood shortly after injection of lipopolysaccharide suggests that they are either 
elaborated or released by the host following stimulation or injury by lipopoly- 
saccharide. The nature of these host products is presently being investigated. 
Preliminary evidence suggests that they are protein-polysaccharide-lipid com- 
plexes. Lipopolysaccharides previously had been shown to combine with 
properdin i vitro,!° but the quantities required for such combination are of a 
completely different order of magnitude, inasmuch as the im vitro interactions 
require 100 to 200 times the amount necessary for this im vivo effect. These 
results therefore suggest that, following injection of lipopolysaccharide, sub- 
stances of endogenous origin appear in the blood, and their presence interferes 
with the assay of properdin. All subsequent properdin titrations were done 
on centrifuged serum samples. 

Effect on resistance to various experimental infections. For reasons previously 
stated, most of these studies were carried out with the experimental infection 
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produced in mice by the intraperitoneal inoculation of Salmonella typhosa. 
It was of interest, however, to determine to what extent the observed increased 
resistance to infection produced in mice by lipopolysaccharide was also appli- 
cable to other experimental infections. These infections fell into 2 major 
categories, those produced by gram-negative pathogens and those initiated by 
gram-positive bacteria. Among the former, the organisms examined in addi- 
tion to S. typhosa type 2, were Escherichia coli strain E-2 380 V (Rowley), 
Pseudomonas aeruginosa, and Proteus vulgaris (these 2 cultures were isolated 
from irradiated mice with bacteremia by W. W. Smith). The L.D.59 for these 
cultures ranged from 10 to 50 million organisms, and all were administered in 
saline at a level of approximately 1 to 3 lethal doses. ‘These comparisons were 
made in the form of time-dose experiments in which groups of mice received 
either 10, 1, or 0.1 ug. of S. typhosa lipopolysaccharide at various intervals prior 
to infection with the 4 challenge organisms. ‘The mortality data obtained are 
too voluminous and too complex to be presented here. That portion of the 
data given in TABLE 3, however, serves to indicate the nature of the differences 
in the pattern of resistance to these infective agents. In this portion of the 
study the mice received 1 yg. of lipopolysaccharide at the indicated intervals 
prior to infection with the 4 challenge organisms. 

It is apparent that the effect of this treatment of mice with a given dose of 
lipopolysaccharide varies considerably for the 4 experimental infections, par- 
ticularly as concerns the rate of development of resistance and its duration. 
Not shown, but also exerting an important effect, is the quantity of lipopoly- 
saccharide administered. The reasons for these differences remain to be deter- 
mined. ‘The differences may be related, however, to any of a number of fac- 
tors, such as the rate of multiplication of the challenge organism, quantitative 
differences in their susceptibility to the bactericidal action of the properdin 
system, or their relative avidity in combining with properdin and depleting 
the host’s reserves of this component. 

Treatment of mice with bacterial lipopolysaccharides in a manner shown to 
be highly effective in protecting against experimental infection with the afore- 
mentioned gram-negative bacterial species failed to produce a demonstrable 
effect on the susceptibility of these animals to challenge with Staphylococcus 


TABLE 3 
INCREASE IN RESISTANCE OF MICE TO INFECTION WITH VARIOUS 
GRAM-NEGATIVE PATHOGENS FOLLOWING ADMINISTRATION 
OF A BACTERIAL LIPOPOLYSACCHARIDE 


Hours elapsed between injection of 1 ug. Salmonella 


Challenge typhosa lipopolysaccharide and challenge 
6 | 12 | 24 | 48 | 72 | 120 
Organism Number L.D.50’s 
Per cent survivors 
S. yphosa.. icles 5 X 107 100 90 20 10 0 0 


5 
. 3 100 | 100 | 100 | 100 | 70 10 
Ps. aeruginosa........ 8 X 107 3 30 70 70 60 | SO 50 
PaOuUlgaras 5a oe 1 X 108 2 60 70 90 70 | 40 10 
—eeG6WanamaoOoooOanananau0 
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aureus, Streptococcus pyogenes group A, or Diplococcus pneumoniae type 1. In 
each instance the challenge employed was minimal in amount in order to pro- 
vide the most favorable conditions for demonstrating even a slight increase in 
resistance by the injection of lipopolysaccharide. These animals, however, 
succumbed to each of these experimental gram-positive infections in a manner 
indistinguishable from the controls. 

It should be pointed out that these 3 gram-positive cocci are insensitive to 
the properdin system as measured by the in vitro bactericidal test. On the 
other hand, the 4 gram-negative organisms exhibit a high degree of suscep- 
tibility to the properdin system. 

Time and dose relationships. Early in these studies it was observed that 
increased resistance to challenge with Salmonella typhosa, and with certain 
other gram-negative pathogens, developed in mice within hours after injection 
of a bacterial lipopolysaccharide. It soon became apparent, however, that 
the induction of this early rise in resistance and the accompanying increase in 
properdin titer were affected by a number of factors. Prominent among these 
were: the lipopolysaccharide preparation employed, that is, the bacterial 
source and/or mode of preparation; the quantity administered; the interval 
between its injection and challenge, or drawing of blood for properdin assay; 
the challenge organism; and the size of the challenge inoculum. Other less 
critical but nevertheless important variables were the strain of mice employed 
and a number of factors pertaining to the challenge inoculum, such as age of 
the culture and menstruum used for suspending the challenge. 

It was not possible to examine systematically all of these factors. It was 
established, however, that given an effective lipopolysaccharide and an ap- 
propriate experimental infection, the major variables affecting properdin titers 
and survival were the dose of lipopolysaccharide administered and the interval 
between its injection and challenge or between its injection and bleeding for 
properdin assay. These observations, made in a series of pilot experiments, 
led to the adoption of ‘‘dose-time”’ experiments as a means of obtaining more 
complete information on the effect of lipopolysaccharide on properdin titers 
and on resistance or susceptibility to infection. 

The administration of a large dose (100 ug.) was attended by a considerable 
delay, of 12 hours or more, in the development of resistance. During this 
time the animals were more susceptible to challenge than were normal mice. 
With smaller quantities (10, 1, or 0.1 ug.) delay in the development of re- 
sistance was reduced to a few hours and, during this induction phase, there was 
no evidence of increased susceptibility. With respect to the duration of the 
effect, the converse occurred, and the 100 wg. quantity provided the most pro- 
longed period (5 days) of increased resistance, 10 ug. 1 day, 1 ug. approximately 
12 hours, and 0.1 yg. 6 to 8 hours. 

Mice similarly treated and bled for properdin assay, at the time the afore- 
mentioned groups were challenged, showed the following properdin responses: 

The injection of 100 ug. caused a fall in properdin titer to approximately one 
half of normal in a period of between 12 and 24 hours. This fall was succeeded 
by a marked rise to 2 to 3 times normal and persisted for 5 days. 

The injection of 10 yg. resulted in an increase as early as 6 hours. The level 
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then rose to 2 to 3 times normal at 24 hours and persisted for an additional 48 
hours. Attention should be called to the fact that this elevation occurred 
without the prior fall in properdin titers observed when large doses of zymosan 
are employed. This effect may, therefore, be due to a direct stimulation of 
the synthesis or release of properdin rather than to a mechanism that repre- 
sents over-compensation, or “rebound,” on the part of the host.” 

The effect of 1 wg. was qualitatively similar to that obtained with 10 ug., 
except that the increase in properdin titer was somewhat less. No alteration 
in properdin levels occurred following either 0.1 yg. of lipopolysaccharide or 
0.5 ml. of saline. Indeed, the constancy of the values in control animals and 
those receiving 0.1 wg. was noteworthy. Thus, with regard to both the develop- 
ment of resistance and the rise in properdin levels, the rate, magnitude, and 
duration of these effects were all related to the dose of lipopolysaccharide em- 
ployed. 

On the whole, some sort of relationship was seen between the elevated 
properdin titers and the degree of protection developed in response to injec- 
tion of lipopolysaccharide. In seeking to relate increased protection to ele- 
vated properdin titers, however, it was apparent that there was a number of 
serious inconsistencies in such a proposed relationship. For example: (1) 
properdin titers generally rose after resistance had developed; (2) in mice re- 
ceiving 100 yg. of lipopolysaccharide the rise in resistance occurred 12 hours 
after injection, a time when properdin levels were at their very lowest; (3) 
elevated properdin levels generally persisted well after resistance had waned; 
and (4) increased resistance for a period of 4 to 8 hours was afforded by as 
little as 0.1 wg. in the absence of any demonstrable increase in properdin titer. 

Influence of infection on properdin response. It was apparent that, following 
the administration of lipopolysaccharide, the ensuing pattern of elevated 
properdin levels and increased resistance did not always run parallel. That is 
to say, the properdin levels of the animal prior to infection did not uniformly 
reflect the ability of the host to maintain that titer during infection. It was 
visualized that, following the initiation of infection, host-parasite interactions 
become extremely complex and that, during this period, properdin levels might 
differ considerably from those of the prechallenge pattern. In order to obtain 
information on the nature of these changes, the bacteriologic sequence of events 
and the serum-properdin alterations were followed postchallenge in specifically 
and nonspecifically protected mice, as well as in controls. For specific im- 
munization, mice were given 1 ug. of purified Vi antigen 5 days prior to chal- 
lenge. This treatment affords a complete protection that is accounted for by 
the specific antibody produced in response to this antigenic stimulus.” Non- 
specific protection was provided by injection of 10 yg. of a coli lipopolysac- 
charide. This effect is independent of the production of specific antibody. 
Previous tests have shown that both types of treatment provide complete 
protection against challenge with Salmonella typhosa. 

In control mice, properdin titers remained constant during the period of 3 
to 6 hours postchallenge. By 12 hours, when deaths began to occur, however, 
there was a drop in properdin to two thirds of normal that in time became even 
more pronounced (one third of normal) as an increasing proportion of the 
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animals became moribund. These changes were correlated with increasing 
bacterial populations in these animals, as determined by viable count of 
peritoneal contents, rising from 270 million at 3 hours to 412 million at 6 hours, 
4 billion at 12 hours, and 20 billion at 24 hours, when the last of the controls 
succumbed. On the other hand, mice treated with 10 ug. of a coli lipopoly- 
saccharide 24 hours earlier and exhibiting peak properdin levels at the time of 
challenge showed a contrasting pattern of bacteriologic and properdin responses. 
During the first 6 hours there was moderate multiplication of organisms from 
the 50 million inoculated to 300 million, and a drop in properdin titer from the 
initial high value, approximately twice normal, back to normal. During the 
period from 12 to 18 hours postchallenge, the very time when, in the controls, 
bacterial populations were rapidly rising to lethal levels and properdin reserves 
were being depleted, the lipopolysaccharide-treated mice not only were main- 
taining normal properdin values, but these were increased, in fact, within 12 
hours to 314 times normal, a value extremely high for this species. At the 
same time, further bacterial multiplication was suppressed and the number of 
organisms declined from 102 million at 12 hours, to 4 million at 18 hours, and 
0.4 million at 24 hours. These are well below lethal levels. Thus, at the time 
the control mice were dying rapidly, the properdin titer of the lipopolysac- 
charide-treated animals was at least 7 times higher than in the controls, and 
these animals survived. 

The Vi-immunized mice present an entirely different type of response. In 
the presence of specific antibody, the multiplication of organisms ceased 
promptly and the numbers of viable bacilli fell precipitously from 110 million 
at 1 hour postchallenge, to approximately 40,000 at 6 hours, and all animals 
survived. It is especially noteworthy that in these mice the properdin levels 
remained quite unchanged. 

Relationship of timing and dose of lipopolysaccharide to postchallenge properdin 
alterations. The initial postchallenge experiment provided some insight into 
the nature of the properdin alterations following the initiation of infection and 
suggested that this experimental approach might help to resolve the discrepan- 
cies, previously pointed out, in the relationship of properdin levels in normal 
mice to their subsequent resistance or susceptibility to infection. Of these, 
the 3 most divergent situations were tested, as follows: 

(1) In mice receiving 100 wg. there occurred a rise in resistance at 12 hours, 
becoming complete at 24 hours, the interval when properdin levels are at their 
very lowest. Accordingly, groups of mice were injected with 100 ug. of lipo- 
polysaccharide at intervals of 24, 12, and 6 hours prior to challenge. At 3, 6, 
12, 18, and 24 hours postchallenge, groups of mice representing treatment at 
the 3 time intervals tested were bled for properdin assay, and mortality was 
determined in mice similarly treated. Mice injected 6 hours prior to challenge 
were not protected. In these animals there occurred a continuous decline in 
properdin titers from the normal to one third of this value and death. Of the 
mice injected 12 hours prior to challenge 70 per cent were protected. In such 
animals the properdin level was one third of normal at the time of challenge 
and remained at this low level during the first 6 hours postchallenge, rising to 
two thirds at 12 hours and maintained through 24 hours, then rising to above 
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normal at 48 hours in the survivors. The mice injected 24 hours before chal- 
lenge all survived. At the time of challenge, the properdin level was two 
thirds of normal in animals so treated and remained at this value during the 
first 12 hours postchallenge, rose to normal at 18 hours, rose above normal at 
24 hours, and to twice normal at 48 hours postchallenge. 

(2) The injection of 10 ug. of lipopolysaccharide resulted in essentially com- 
plete protection when given at 6, 12, or 24 hours prior to challenge, and little 
or no protection when the interval between its administration and challenge 
with Salmonella typhosa was increased to 48 or 72 hours. Groups of mice were 
injected with 10 yg. of lipopolysaccharide at 72, 48, 24, 12, and 6 hours prior 
to challenge. The lack of protection in mice injected 48 or 72 hours earlier 
was manifest even though properdin levels in such mice were 2 to 3 times the 
normal value. Thus, under the impact of the bacterial challenge, properdin 
levels in such mice declined precipitously to one third or even one sixth of the 
normal level at the time of the demise of the remaining animals. On the other 
hand, mice treated at the 24-hour interval were just approaching peak properdin 
titer at the time of challenge. In animals treated in this manner, the challenge 
caused a rapid drop from the elevated properdin values down to the normal 
range, and this was then succeeded by a swift and steep elevation of properdin 
to very high titers. These animals survived. Treatment at 12 hours pre- 
challenge produced a modest rise in properdin while, at the 6-hour interval in 
this experiment, there was no discernible increase in the level of properdin. 
Following challenge, however, such animals manifested a continued and pro- 
gressive rise in properdin titers that at 24 hours postchallenge were approxi- 
mately 3 times as high as those of normal untreated mice. 

(3) In those mice receiving 0.1 ug. of lipopolysaccharide there was observed 
a rise in resistance to challenge between 4 and 8 hours after injection in the 
absence of any demonstrable rise in the properdin level. Groups of mice were 
therefore injected with 0.1 yg. of lipopolysaccharide 12 and 6 hours prior to 
challenge, and their properdin levels followed after challenge. The mice re- 
ceiving lipopolysaccharide 12 hours before challenge succumbed, while those 
treated 6 hours before challenge survived. In the former, the normal properdin 
value at the time of challenge remained at this level during the first 6 hours, 
declined to two thirds of normal at 12 hours, and to one third of normal at 18 
hours, after which all animals succumbed. The mice injected 6 hours before 
challenge all survived. In such animals the initial normal value, under the 
impact of challenge, fell to two thirds within 3 hours, briefly dipped to one 
third of normal, again rose to two thirds at 24 hours and, by 48 hours had re- 
turned to normal. 

In contrast to the treated animals, control mice exhibited little or no altera- 
tion in properdin levels during the first 6 hours postchallenge, but at 12 hours 
these had fallen to one third of normal and, at 24 hours, the remaining moribund 
animals exhibited only one sixth the properdin titer present initially. 

These experiments show that mice may be resistant to infection despite nor- 
mal or even subnormal properdin titers as a result of treatment with either 
high or very low doses of lipopolysaccharide at certain intervals prior to chal- 
lenge. The data obtained indicate that in such animals there generally occurs 
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little or no rise in properdin titers following challenge. Instead, properdin 
titers are maintained at either normal or only moderately reduced levels, in 
contrast to a progressive decline to exceedingly low levels and death in control 
mice. Taken as a whole, these observations suggest that, in themselves, 
properdin levels determined prior to challenge may not be a reliable guide or 
index to the animal’s reaction to infection. Rather, the critical measure of the 
effectiveness of the treatment employed is its effect in enabling the animal to 
maintain either normal or elevated properdin levels during the early phases of 
infection. Obviously, individual properdin values do not provide this in- 
formation. 


Discussion 


This investigation had as its primary objective the determination of the ef- 
fect of bacterial lipopolysaccharides on resistance of mice to certain infections. 
It was readily shown that following injection of a single small dose of lipopoly- 
saccharide there occurred an early increase in resistance to gram-negative 
pathogens and that, in a general way, this increased resistance was associated 
with either elevated properdin levels or the ability of mice to maintain normal 
properdin levels, in contrast to control animals that die when their properdin 
reserves are depleted. The changes in properdin that, in a general way, appear 
to reflect the resistance or susceptibility of mice to experimental infection have 
been stressed, inasmuch as it is now known that this serum component, together 
with complement and magnesium, probably represents the humoral bactericidal 
system of the host. Wardlaw and Pillemer'’ have reported that relatively small 
changes in properdin levels in vitro suffice to bring about major changes in the 
rate and extent of destruction of gram-negative organisms in bactericidal tests, 
suggesting that even moderate elevation in properdin titer may prove im- 
portant. 

It is recognized that the host attribute referred to as natural resistance is 
complex and is the sum total of an undetermined number of factors of which 
properdin, however important it may be, is but one. Moreover, it is also ap- 
preciated that the parenteral administration of lipopolysaccharide initiates in 
the host a complex series of reactions, of which probably only a few have thus 
far been identified. Thus, it may be that these other alterations in the host, 
such as leukocytic changes and increase in adrenal output, produced by lipo- 
polysaccharide, also participate in the general effects on resistance as here de- 
scribed. Of the known alterations produced in the host by bacterial lipopoly- 
saccharides, however, the effects on properdin at present appear to provide the 
most significant correlation with the observed changes in natural resistance to 
certain experimental infections. 


Summary 


It has been shown that injection of bacterial lipopolysaccharides derived from 
a variety of gram-negative bacterial species evoke in mice a rapidly developing 
rise in resistance to infection with gram-negative pathogens. ‘This is accom- 
panied by an elevation in properdin titer to levels 2 to 3 times the normal. The 
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rate, magnitude, and duration of both responses are related to the quantity and 
timing of the lipopolysaccharide administered. 

High molecular weight substances appear in the blood at the time properdin 
levels are elevated. These substances, which appear to be protein-polysac- 
charide-lipid complexes of endogenous origin, presumably represent the result 
of injury to or stimulation of the host by bacterial lipopolysaccharides. 

The increased resistance to infection evoked in mice by bacterial lipopoly- 
saccharides appears to be effective only against infections produced by endo- 
toxin-bearing organisms. These gram-negative bacterial species are highly 
susceptible to the bactericidal action of the properdin system. 

Properdin levels in normal animals, just prior to infection, give an incomplete 
picture of the reaction of the host to the infective agent. In mice experi- 
mentally infected with gram-negative pathogens, however, properdin levels 
determined at various intervals postchallenge do reflect the course and outcome 
of the infection. Thus in control animals properdin titers progressively decline 
until the host reserves are depleted and the animals die while, in mice appropri- 
ately treated with lipopolysaccharide, properdin levels are either maintained 
in the normal range or greatly increased, depending on dose and time of ad- 
ministration of lipopolysaccharide, and this is accompanied by successful man- 
agement of the infection. The fate of the host apparently is determined by the 
degree to which it has been ‘‘conditioned” by lipopolysaccharide, that is, the 
rapidity and extent to which properdin subsequently is mobilized and main- 
tained in response to the stimulus of infection. 
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SOME FACTORS AFFECTING THE RESISTANCE OF 
ANIMALS TO BACTERIAL INFECTION 


By D. Rowley 


Wright-Fleming Institute of Microbiology, St. Mary’s Hospital 
Medical School, Paddington, London, England 


Since the demonstration by R. F. J. Pfeiffer in 1894 of the lysis of cholera 
vibrios in the guinea pig peritoneum, we have gradually come to believe that the 
bactericidal powers of the body fluids play an important role in defense against 
microbial invasion. This anitmicrobial activity is seen best in serum and is 
most effective against the gram-negative organisms. The nature of this bac- 
tericidal activity is known to be extremely complex. Four components of 
complement, magnesium ions, and now properdin (Wardlaw and Pillemer, 
1956) are known to be essential reactants. On the other hand, nothing appears 
to be known about the bacterial reactant or substrate for this reaction. This 
latter factor has been the initial aim of the work of my associates and myself. 

The presumptive test for bacterial substrate that we have used is the ability 
of a preparation to compete with living cells for the bactericidal serum system, 
the result being a delay or inhibition of the rate of killing of the living bacteria 
(zIcuRE 1). In our attempts to isolate the substrate in pure form we have been 
guided by the observation that rough mutants of Escherichia coli or Salmonella 
paratyphi are killed by serum much more rapidly than the smooth strains from 
which they are derived (Rowley, 1956), as shown in FIGURE 2. It seemed that 
this might be a factor of the endotoxin content of the organisms, and we subse- 
quently showed that the lipopolysaccharide fraction of the endotoxin gives the 
substrate test above. ; 

The other fractions not containing lipopolysaccharide obtained in the phenol/ 
water extraction method of O. Westphal were much less active in the presump- 
tive substrate test. 

The early changes in immunity of mice to E. coli (Rowley, 1955) or to S. 
typhi (Field, Howard, and Whitby, 1955) infections consequent to the intra- 
venous injection of bacterial cell walls can all be produced by lipopolysac- 
charides in a minimum dose of about 1 wg./20 gm. mouse (TABLE 1). It has 
been suggested (Rowley, 1955) that these early changes in immunity can be 
accounted for by the neutralization of the serum bactericidal reaction by the 
bacterial reactant, followed within 24 to 48 hours by a compensatory increase 
in the amount and activity of the bactericidal mechanism. By this hypothesis 
the lipopolysaccharide would contain the bacterial substrate within its very 
large molecule. 

At this stage let me summarize the evidence that implicates lipopolysac- 
charide as a bacterial substrate: 

(1) Lipopolysaccharide inhibits bactericidal action of serum in vitro; that is, 
it may be competing with the substrate present in the living bacteria. 

(2) Avirulent strains of E. coli contain less lipopolysaccharide and are more 
eae than smooth strains of E£. coli to killing by serum (Rowley, 1954 and 
1956). 
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(3) Injection of small amounts of lipopolysaccharide into guinea pigs or rab- 
bits temporarily decreases and then increases the bactericidal power of their 
sera (TABLE 2). 

(4) Concurrently with these changes there is a temporary decrease followed 
by an increase in immunity to various infections. 

We may then ask: what is the nature of the reaction between serum and lipo- 
polysaccharide if the latter is the bacterial substrate? 

To investigate this reaction we have prepared the lipopolysaccharide from 
E. coli 2380 labeled with P*® by growing the organism on a minimal medium 
restricted in phosphorus, to which 10 mcurie of P*?/liter had been added (Row- 
ley, Howard, and Jenkin, 1956). The bacteria were washed twice and dis- 
rupted in a Mullard ultrasonic generator. The deposit from centrifugation at 
30,000 g. was then extracted with phenol/water by the procedure of Westphal, 
Luderitz, and Bister, 1952. The water layer was dialyzed to remove phenol, 
and was precipitated with 8 volumes of ethyl alcohol in the presence of sodium 
acetate. The sediment was redissolved in water and adjusted to pH 4 to 
precipitate a small amount of nucleic acids. The supernatant layer was read- 
justed to pH 7 and dialyzed, and the fraction sedimenting between 10,000 and 
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Time in minutes 


FicureE 1. Survival of E. Coli 2206 during incubation in the guinea pig serum. A = alone; O = together 
with 0.1 mg./ml. Z. coli 2380 cell walls. 
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E. coli 2206 


S. paratyphi B. 


Per cent surviving bacteria 


S. paratyphi B. rough. 


E. coli 2206 rough. 


20 40 30 
Time in minutes 


as _ Survival of smooth strains and their rough mutants at 37° C. in guinea pig serum diluted 1:4 with 
minimal medium, 


FIGURE 2. 


TABLE 1 
THE SUSCEPTIBILITY OF MICE TO CHALLENGE BY E. cozr 145, 48 
Hours AFTER THE INTRAVENOUS INJECTION OF PURIFIED 
LIPOPOLYSACCHARIDE FROM Ff. coxr 2380 


s Challenge dose of £, coli 145 
Dose of lipopolysaccharide Percentage 
injected eaths 
106 105 104 
0.05 mg. 4/21 1/21 1/21 9 
0.01 mg. 15/21 6/21 2/21 36 
0.001 mg. 10/15 5/15 4/15 42 
Controls 15/15 11/15 13/15 86 
TABLE 2 


EFrrect oF InjEcTING 1 MG. CRUDE LIPOPOLYSACCHARIDE FROM H#. coLI 
2380 INTRAVENOUSLY INTO Eacu oF 4 GUINEA PIGs, ON THE 
SUBSEQUENT BACTERICIDAL POWER OF THE POOLED SERUM 


Time after injection of 1 mg. crude| Serum dilution producing 50% Per cent bacterial survival in 
lipopolysaccharide bacterial killing in 80 mins. dilution 1:4 after 80 mins. 
Start 1:4 50% 
1 hour Undiluted 100% 


24 hours 1:16 10% 


Ficure 3. Perspex dialyzer. 


32 
Dialyzable Pas per cent total 


Hours 
Ficure 4. Rat serum (diluted 1:10) with 10 ug. lipopolysaccharide/ml. Effect of temperature. 
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40,000 g., consisting largely of lipopolysaccharide, was used in the experiments. 
This material had a specific activity varying from batch to batch between 5 to 
20 wcurie./mg. This means that we could readily detect 1/1000 yg. by radio- 
active assay. 

The method we used to test for the splitting of this lipopolysaccharide by 
serum was quite simple. The dilutions of serum and lipopolysaccharide (usu- 
ally 10 wg./ml.) were placed in 1 compartment of small perspex dialyzers, sep- 
arated by a cellophane membrane from the other compartment containing 
twice the volume of saline solution plus 0.1 per cent gelatine (FIGURE 3). The 
radioactive P*® dialyzing into the saline is a measure of the amount of lipopoly- 
saccharide that has reacted. 

It is evident that the splitting reaction has many of the characteristics of an 
enzyme reaction. For example, the splitting reaction is dependent on tem- 
perature (FIGURE 4). 

It should be stressed at this point that the rate of accumulation of P® in the 
saline solution was determined by the rate of dialysis and was not an indication 
of the rate of splitting except that this was faster than the rate of dialysis. 

There was also a sharp pH optimum for the reaction (FIGURE 5). Heating 
at 56° C. for 20 minutes completely destroyed the ability of the serum to split 
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Per cent split P 


Hours at 37°C. 
FicurE 5. Rat serum (diluted 1:10) with 10yg./lipopolysaccharide/ml. Effect of pH. 
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Ficure 6. Liberation of dialzable P%? from lipopolysaccharide by saline dilutions of rat serum. 


the lipopolysaccharide. This heat lability was not due to destruction of hemo- 
lytic complement, since mouse serum was very active in spite of its lack of 
whole hemolytic complement. The presence in I.R.C. 50 resin-treated serum 
of 0.0005 M ethylenediaminetetraicetic acid (E.D.T.A.) to chelate divalent 
ions very greatly reduced the efficiency of the reaction (FIGURE 6). 

Once the liberation of dialyzable P** had ceased, the addition of fresh serum 
resulted in a further small release of phosphorus, indicating that the reaction 
came to a halt due to an inactivation of the enzyme and not due to a shortage 
of substrate. 

All of the dialyzable P* that was liberated was precipitated together with 
added phosphate when a precipitate of ammonium phosphomolybdate was 
formed in situ. It was presumed from this that the P*® was split off in the form 
of phosphate. This strongly suggested that the enzyme causing this cleavage 
is a phosphatase. 

Is there any relationship between this enzyme and properdin or the alkaline 
phosphatase that can be measured in serum by the hydrolysis of phenol phos- 
phate? All 3 of these activities declined following the injection into mice of 
rather large doses of bacterial lipopolysaccharide (TABLE 3). 

In spite of this it was evident that at least 2 of these were distinct activities, 
since it is possible to have sera with great variations in King Armstrong alkaline 
phosphatase, all of which have the same efficiency in splitting lipopolysaccharide 
(TABLE 4). Further proof of this difference was provided by an experiment in 
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TABLE 3 
THE PROPERDIN, ALKALINE PHOSPHATASE, AND LIPOPOLYSACCHARIDE-SPLITTING 
ABILITIES OF MousE SERA TAKEN AT VARYING TIMES 
AFTER THE INJECTION OF LIPOPOLYSACCHARIDE 


Per cent split P%? after 


ime after injection 0 Properdin Alkaline phosphatase ° 
: Hieopoljeac marie : Ganita/mh) (KA ae Pathe oF aa 
Normal controls 20-40 14 7.0 
3 hours 20-40 11 6.0 
6 hours 20-40 12 6.2 
24 hours 10 9 3.0 
48 hours 10 9 4.8 


Twenty-four mice injected in vitro with 50 wg. crude lipopolysaccharide from £, coli 2380 and bled at intre- 
vals in groups of 6. Serum in each group pooled. 
* King Armstrong. 


TABLE 4 
CoMPARISON BETWEEN THE AVERAGE LEVELS OF PROPERDIN, ALKALINE 
PHOSPHATASE AND LIPOPOLYSACCHARIDE-SPLITTING 
AcTIVITY OF DIFFERENT SERA 


Serum Per cent P*? split Alkaline phos- Properdin 
(undiluted) after 4 hrs. phatase (K.A. units) (units) 
Raley. Sets cc cieit sain bisratais aids bos Ses 18 50 50 
Mouse ss cio ceca chime rete 14 32 30 
1B AS hnak Ma beens Senta eM UCKC RTE OLE EROG OS Re ES 14 17 8 
Guineaipig Wensec cares cine 10 15 — 
Rabbits ao cccepn: re ae eee ais ae 8 10 — 
ETUmany Retyce oe terrae are ore 14 18 0 
Case of hypophosphatemia........... 14 2 0 
Case of biliary obstruction........... 14 60 0 
Crude properdin Sees. ee. Set oe 6-15 20-45 0-4 


which the splitting of lipopolysaccharide by rat serum was followed in the 
presence of a hundredfold excess of phenol phosphate. The amount of split 
phosphate was just the same as in a control without phenol phosphate. It 
seemed likely also that properdin and lipopolysaccharide P* splitting activity 
were separate, since human R; had the same activity as the serum from which 
it was derived. It is interesting that samples of crude properdin prepared 
from human or bovine sera by A. C. Wardlaw possessed quite high lipopolysac- 
charide splitting activity, as well as high values for King Armstrong phos- 
phatase. It is evident that many substances other than properdin are ad- 
sorbed by and eluted from zymosan, and the mere demonstration that any 
serum activity is removed by treatment with zymosan is not proof that the 
activity is due to properdin. Much further work is required before we can 
decide what part, if any, this serum-phosphatase reaction plays in the destruc- 
tion or detoxification of bacteria in vivo. 
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THE EFFECT OF VARIOUS SUBSTANCES ON RESISTANCE 
TO EXPERIMENTAL INFECTIONS 


By J. S. Kiser, H. Lindh, and G. C. de Mello 


Experimental Therapeutics Research Section, Research Division, 
American Cyanamid Company, Pearl River, N. Y. 


The parenteral administration of nonspecific agents for the stimulation of 
host resistance to bacterial infections has been investigated for many decades. 
The main efforts have been directed toward the enhancement of leukocytosis 
and phagocytosis, the induction of local inflammation, and the stimulation of 
an increase in production of natural or acquired antibodies or in the bactericidal 
power of serum. A wide variety of these nonspecific substances have been 
used clinically with varying success. These have been reviewed by Petersen’ 
and by Perla and Marmorston,? and they include such diverse preparations 
as animal and plant proteins, protein split products, enzymes, bacterial ex- 
tracts and vaccines, tissue and leukocytic extracts, and colloidal metals. 

In 1923 Gay and Morrison* demonstrated that the introduction of a mild 
irritant such as meat-infusion broth into the pleural cavity protected rabbits 
against a lethal dose of Streptococcus pyogenes injected 24 hours later. The 
accumulation of clasmatocytes in the thoracic cavity apparently accounted 
for this increased resistance. In the same year Opie! reported that a perito- 
nitis induced with aleuronat, a plant protein, protected animals against intra- 
peritoneal infection with streptococci introduced 2 days later. These results 
were associated with an increase in macrophages in the peritoneal exudate. 
Menkin® has shown that potent chemical irritants such as aleuronat also 
stimulate the rapid formation of a fibrinous network, favoring development 
of a lymphatic blockade that contributes to the host defenses. In a more 
recent monograph, Menkin® has summarized his studies of chemical constit- 
uents in exudates that influence accumulation of phagocytes in inflamed areas 
and that increase capillary permeability. According to Nakahara,” mice were 
rendered refractory to intraperitoneal infection with Diplococcus pneumoniae 
and other pathogens if they received an injection of olive oil in the same site 
2 days earlier. The oil produced an exudate containing about 75 per cent 
macrophages. More recently, Nungester and Ames® successfully controlled 
pneumococcal infections in mice with quaternary ammonium compounds that 
were devoid of bacteriostatic activity but were capable of stimulating phago- 
cytosis in vitro. Konowalchuk and his associates® reported that intravenous 
administration of a preparation of colloidal sulfur 2 to 7 days before an intra- 
peritoneal challenge with D. pneumoniae gave a high degree of protection but 
was without effect if the preparation was given simultaneously with the bac- 
teria. Since this preparation was inhibitory to D. pneumoniae and other 
organisms in vitro, the protection was ascribed to a delayed antimicrobial 
action in vivo. The use of hog gastric mucin as an adjuvant for enhancing 
experimental infections, particularly in the abdominal cavity, is well known 
(Nungester, Wolf, and Jourdonais,!° and Miller”). The literature on this 
subject has been reviewed by Olitzki.2 When mucin is injected 24 to 48 
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hours prior to infection, however, mice are rendered more resistant to Neisseria 
meningitidis (Miller and Castles'*). Mucin or peanut oil also protected ani- 
mals against infection with Salmonella typhosa (Lambert, Smith, and Richley"). 
Hestrin and his associates!® were able to enhance intraperitoneal infections 
with the same organism by administering native levans and dextrans by the 
intravenous route. An increased susceptibility of mice to Salmonella typhi- 
murium and other pathogens following injection of certain inhibitors or inter- 
mediates of the tricarboxylic acid cycle has been studied by Berry and Mitch- 
ell.'®” Ina recent publication, Berry '8 established the fact that the bacteria 
multiplied more rapidly 7m vivo under these conditions and suggested that this 
growth acceleration might be attributable to an im vivo enhancement of the 
nutritive environment on which the bacteria were dependent, rather than on 
a lowering of the host cellular defenses. A yeast extract, malucidin, has been 
described by Parfentjev and his associates!*: *° that, if administered a day or 2 
in advance, renders mice resistant to infection with several gram-negative 
bacteria and to Candida albicans. The active principle is described as a pro- 
tein fraction. Pillemer and his group”? have reported that zymosan, a 
polysaccharide prepared from yeast, renders animals more susceptible when 
injected a few hours before infection. A resistance to infection was observed, 
however, when the zymosan preceded the infection by 2 to 5 days. These 
investigators suggested that these alterations in the pattern of the resistance 
may be associated with the fall and rise in the titer of properdin, a recently 
described serum protein that interacts with zymosan in vitro. Rowley” ob- 
served similar changes in resistance to Escherichia coli infections in mice that 
had been pretreated with bacterial cell walls prepared from E. coli or S. typhi- 
murium. ‘These preparations, like zymosan, also were capable of depleting 
properdin from serum in vitro. 

We have tested zymosan, malucidin, mucin, certain native dextrans and 
levans, polysaccharides from D. pneumoniae and gram-negative bacteria, and 
a preparation of colloidal sulfur, for their effect upon various experimental 
infections. All of these substances modified the course of infection provided 
the test conditions were optimal with regard to dosage, dosage time, and route 
of injection. 


EXPERIMENTAL 


Materials and methods. C¥1* female mice weighing from 16 to 20 grams 
were used unless otherwise stated. The standard Klebsiella pneumoniae AD 
infection was done intraperitoneally with 0.5 ml. of a 10~® brain-heart infusion 
broth dilution of a 6-hour brain-heart infusion broth culture from a stock 
culture. The stock culture was passed in mice once a week. Other infections 
will be described in connection with the experiment in which they were used, 
since they were not standardized. 

In each experiment a difference in response between a treated and non- 
treated group of animals was measured. It was necessary to adopt criteria 
for judging whether this difference was significant. For this purpose we used 
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the tables of Mainland and Murray™ to decide whether survival ratios were 
different, and the /-test was used for comparison of mean-survival times. 


Zymosan 


Zymosan is an insoluble carbohydrate complex prepared from fresh yeast 
cells by digestion with trypsin and extraction with water and alcohol. It 
inactivates selectively in vitro the third component of serum complement 
(C’3) in the presence of magnesium ions (Pillemer and Ecker and Pillemer 
et al"), The preparation used in our experiments, lot LE-1, was supplied by 
Merle Querry of the Biological Development Group of the Lederle Laboratories 
Division, American Cyanamid Company, Pearl River, N. Y. This prepara- 
tion, in concentrations as high as 4 mg./ml., exhibited no im vitro antimicrobial 
activity against 10 species of gram-positive and gram-negative bacteria and 6 
species of yeasts and filamentous fungi. 

Zymosan was titrated in groups of mice intraperitoneally 48 hours before 
they were given the standard K. pneumoniae AD challenge. In this experi- 
ment, shown in TABLE 1, 6 mg. of zymosan killed 2 of 20 mice before they were 
infected. Significant protection was afforded by 1.5 mg. The median pro- 
tective dose, with 19/20 confidence limits, was 1.88 (2.71 to 1.32) mg./mouse. 

There were 2 possible approaches to the problem of the duration of the effect 
of the zymosan. One approach was to inject groups of mice with zymosan at 
various times, preferably on a logarithmic scale, and then to challenge all of 
the groups at the same time with the same suspension of Klebsiella. The 
other approach was to inject all of the mice with zymosan at the same time 
and then challenge groups of them at various intervals, together with suitable 
controls. The advantage of the second method is that the mice form a uniform 
population and, if a group of mice to be used as nontreated controls is drawn 
from the same supply at the same time as the mice treated with zymosan, then 
it is possible to compare the effect of the standard infection on the treated 
versus the nontreated groups at each time interval. This was done as shown 


TABLE 1 


ErFrect OF ZYMOSAN GIVEN INTRAPERITONEALLY 48 Hours BEFORE AN 
INFECTION witH K. PNEUMONIAE AD 


Survival at 14 days 
Zymosan, mg. 
Alive/Total Mean survival time, hours 
6 16/18 124 
3 15/20 78 
15 6/20 75 
0.75 3/20 43 
0.38 0/20 30 
0.19 2/20 29 
0.095 1/20 39 
Nontreated controls 0/20 31 


Virulence titration: 
One-half ml. of a 1076 dilution 3/5 
Infecting dose: 900 cells 
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TABLE 2 
DURATION OF PROTECTIVE EFFECT OF ZYMOSAN 


Survival at 14 days 


Zymosan-treated Nontreated 
_ Time before 
infection, days Intraperitoneal Intravenous 
; Mean sur- Mean sur- | Alive/Total gan 
Alive/Total | vival time, | Alive/Total | vival time, 
hour hours 

2 19/20 64 2/20 39 0/20 24 
4 13/20 142 1/20 48 2/20 ay 
8 4/20 123 3/20 36 1/20 27 
16 1/20 OYF 5/20 35 0/20 36 
32 4/20 62 7/20 54 3/20 37 
Virulence titration: 1076 2 days 1/5 48 
4 days 5/5 — 
8 days 5/5 = 
16 days 5/5 = 
32 days 5/5 = 


in TABLE 2. One hundred mice were treated with 3 mg. of zymosan intra- 
peritoneally and another 100 were given 0.5 mg. of zymosan intravenously. 
A third group of 100 mice from the same lot were kept as controls. Twenty 
mice from each group were challenged with the standard K. pneumoniae AD 
culture at 2, 4, 8, 16, and 32 days after treatment. The intraperitoneally 
treated groups had significantly more survivors than the controls at 2 and 4 
days after treatment and had a significantly prolonged survival time at 8 
days, but beyond that they showed no difference from the controls. The 
intravenously treated groups showed no difference either in numbers of sur- 
vivors or in survival time from the nontreated controls. 

In order to learn how much variation could be expected from group to group 
within an experiment and between different experiments, 2 experiments were 
done in which 5 groups of 20 mice each were given 3 mg. of zymosan intra- 
peritoneally, 5 groups were given 0.5 mg. intravenously, and 5 similar groups 
were used as nontreated controls. Forty-eight hours after treatment these 
mice were infected with the standard K. pneumoniae AD infection. The re- 
sults of these 2 tests, given in TABLE 3, show considerable variation between 
groups within the treatments. The intraperitoneal treatment, however, 
resulted in about 60 per cent survival compared with 6 per cent for the non- 
treated controls and a threefold increase in mean survival time for the intra- 
peritoneally treated group over the controls. The effect with the intraven- 
ously treated groups was very slight. In fact, if either experiment was 
considered alone, the number of survivors in the treated groups was not 
significantly greater than that in the controls. If, however, the results of 
the 2 experiments were pooled, the treated groups showed a difference that 
was significant at the 5 per cent level of probability. 

Perhaps the most useful parenteral route of administration for drugs is the 
intramuscular. This route is technically very impractical in mice, but the 
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TABLE 3 


EFFECT OF 3 MG. OF ZYMOSAN INTRAPERITONEALLY OR 0.5 MG. INTRAVENOUSLY GIVEN 48 
Hours BEFORE INFECTION WITH K. PNEUMONIAE AD 


Survival at 14 days 
Route Experiment 1 Experiment 2 
Alive/Total | Mean survival | Alive/Total | Mean survival 
Intraperitoneal j.(. 02 a. ssn ee 15/20 83 10/20 122 
Intraperitoncall-. cn. nte eee 4/20 89 13/20 103 
Intraperitoneal, .j0. ws sent eee 18/20 136 13/20 140 
Intraperitoneal’ c-seqey. es eee 17/20 104 9/20 115 
Intraperitoneal v2.50 76-1. oe ee 13/20 65 19/20 112 
Intravenous: asi teacese sone 4/20 50 1/20 39 
Intravenous 6,50: eles eee 6/20 52 1/20 33 
En travenOUs gence erent 4/20 56 0/20 46 
Intravenous sae see eee eee 4/20 59 3/20 45 
Txitrayenous csc wee eee ee 3/20 46 2/20 51 
NONE. od cea ce ee eee 3/20 46 0/20 32 
INOUE eas mea site cc Met irre cata atin ear 0/20 45 0/20 27 
NONE AC io eeraAa rae eee 3/20 40 0/20 31 
INORG is 5 it ane area eaters See 1/20 43 0/20 24 
Note rece! te nots setters 4/20 45 2/20 23 
Total 3 mg. intraperitoneal....... 67/100 95 64/100 118 
Total 0.5 mg. intravenous........ 21/100 53 7/100 43 
Potalnontreated scm or ee oaeet ee 11/100 af 44 2/100 27 
Combined total: 
Three mg. intraperitoneal 131/200 
One-half mg. intravenous 28/200 
Nontreated 13/200 
Virulence titration: 
One-half ml. 10-6 4/9 5/10 
One-half ml. 10-7 5/5 5/5 
Infecting dose: 1700 cells 1000 cells 


subcutaneous route is easily done. We therefore tested zymosan for its effect 
by subcutaneous administration. A preliminary experiment showed that 9 
mg. per mouse was well tolerated, so we set up an experiment in which this 
dose was administered subcutaneously at various times from one-half hour to 
8 days before the standard K. pneumoniae AD infection. The results of this 
experiment are given in TABLE 4. Significant protection was evident when 
the zymosan was given at 1, 2, and 4 days, but not at one-half hour or 8 days 
before infection. 

The protective effect of zymosan given intraperitoneally 1 to 8 days before 
infection with K. pneumoniae AD has been clearly shown, but the effect of 3 
mg. of zymosan given intraperitoneally at 2 hours or less before infection was 
examined in a separate experiment (TABLE 5). In this experiment the chal- 
lenge dose was 0.5 ml. of a 10-® dilution of the standard K. pneumoniae AD 
culture. It was evident that the zymosan pretreatment actually depressed 
the resistance of the animals below that of the controls. 

Since we had shown that pretreatment with 3 mg. of zymosan given intra- 
peritoneally 48 hours before infection would increase resistance to infection, 
and that the same dose given shortly before infection would depress resistance, 
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TABLE 4 


EFFECT OF 9 MG. oF ZyMOSAN GIVEN SUBCUTANEOUSLY AT VARIOUS TIMES 
BerorE INFECTION witH K. pnEcMonIAE AD 


Survival at 14 days 


Number of days before infection 


Alive/Total Spore 
8 3/15 32 
4 7/15 64 
2 10/15 187 
il 7/15 71 
1g hour 0/15 35 
Three mg. intraperitoneally 2 days 7/15 120 
Nontreated controls 10~4 0/15 32 
Virulence titration: 
One-half ml. of a 10-5 dilution 0/10 
One-half ml. of a 1076 dilution 4/5 


TABLE 5 


EFFECT OF 3 MG. OF ZYMOSAN GIVEN INTRAPERITONEALLY AT SHORT 
INTERVALS BEFORE INFECTION WITH K. PNEUMONIAE AD 


aa | 


Survival at 14 days 
Time before infection, minutes 
Alive/Total Mean survival time, hours 
120 0/10 34 
60 1/10 36 
30 2/10 31 
15 0/10 51 
Nontreated controls 10-6 10/10 _ 
Virulence titration: 
One-half ml. of a 10~4 dilution 0/10 
One-half ml. of a 1077 dilution 9/10 


we believed it would be of interest to learn what effect a postinfection dose of 
zymosan would have on the resistance induced by an intraperitoneal dose of 
zymosan given 48 hours before infection. 

This was done in the experiment described in TABLE 6. Five groups of mice 
were pretreated with 3 mg. of zymosan intraperitoneally 48 hours before a 
standard K. pneumoniae AD infection, and then, 4 hours after infection, 4 
groups were given 3.0, 0.75, 0.18, or 0.045 mg. of zymosan intraperitoneally. 
Four similar groups of mice infected at the same time but not pretreated with 
zymosan were given corresponding doses of zymosan to learn whether post- 
infection treatment would confer protection. The results were clear-cut. A 
postinfection dose of 0.75 mg. of zymosan abolished the protective effect of 
the preinfection dose, although the treated mice had a significantly longer 
mean survival time than the nontreated. When the postinfection dose was 
reduced to 0.18 mg. both the number of survivors and the mean survival time 
were different from the controls. None of the groups that received only a 
postinfection treatment had any survivors and, in fact, the groups receiving 
the 2 larger doses had mean survival times significantly shorter than those of 
the nontreated controls. 
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TABLE 6 


EFFrect OF A POSTINFECTION DOSE OF ZYMOSAN ON THE SURVIVAL OF MIcE GIVEN ZYMOSAN 
INTRAPERITONEALLY 48 Hours BEFORE INFECTION WITH K. PNEUMONIAE AD 


—————— 


Survival at 14 days 
: : Zymosan after 
Zymosan before infection, mg. infection, mg. ; 
: Alive/Total ees 
3 = 10/14 66 
3 350 1/15 64 
3 0.75 1/15 97 
3 0.18 6/14 86 
3 0.045 7/15 90 
_— 3.0 0/15 19 
= 0.75 0/15 18 
— 0.18 0/15 23 
_ 0.045 0/15 30 
Nontreated controls 1/15 33 
Virulence titration: 
One-half ml. of a 10-6 dilution 0/5 
One-half ml. of a 1077 dilution 4/5 


Infecting dose: 4200 cells 


In view of the fact that an intraperitoneal injection of zymosan would ac- 
tually depress the resistance of the animal for at least 2 hours it was desirable 
to know whether such a depression of resistance could be counteracted by an 
antibiotic. To learn whether this could be done, 5 groups of mice were given 
a 3 mg. dose of zymosan 2 hours before infection with 0.5 ml. of a 10° dilution 
of the standard K. pneumoniae AD culture. Three groups were given a single 
intraperitoneal dose of tetracycline hydrochloride with the zymosan. This 
dose was 0.8, 0.4 or 0.2 mg. per mouse. Three similar groups of mice received 
only the tetracycline in corresponding dosage 2 hours before infection. The 
results of this experiment are given in TABLE 7. Here it is shown that the 
pretreatment with zymosan clearly depressed the resistance of the mice suffi- 
ciently so that 0.2 mg. of tetracycline was not able to save as many mice as 
survived in the nontreated controls, but 0.4 mg. of the antibiotic did counter- 
act both the infection and the depression of resistance induced by pretreat- 
ment with zymosan. 

In order to learn whether the resistance to infection, which was induced by 
pretreatment with zymosan, would be effective against gram-positive cocci, 
we gave 2 groups of mice a 3 mg. dose of zymosan intraperitoneally. One 
group was dosed 24 hours and the second group 48 hours before infection with 
0.5 ml. of a 10-8 dilution of a culture of Streptococcus pyogenes C203. This 
culture was grown for 18 hours at 37°C. in brain-heart infusion broth and had 
not been recently passed through mice so that it was not highly virulent, as 
shown by the fact that there were 2 survivors in the nontreated controls and 
that 3 of 5 mice infected with 0.5 ml. of a 10~‘ dilution survived. There was 
clearly an increased resistance to the infection in the 2 treated groups (TABLE 
8), since 13 of 20 mice, pretreated at 48 hours, and 14 of 20 mice, pretreated 
at 24 hours, survived. 

In additional experiments we were able to show that pretreatment with 
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TABLE 7 


EFFECT OF TETRACYCLINE TREATMENT ON Mice GIVEN ZYMOSAN INTRAPERITONEALLY 2 
Hours BrErore INFECTION witH K.. pyeumonrAE AD 


Survival at 14 days 
Zymosan, mg. Tetracycline, mg. 
Alive/Total “sae doidle 
3 None 0/20 25 
3 0.8 20/20 = 
3 0.4 20/20 — 
3 OF2 6/20 57 
None 0.8 19/20 | 88 
None 0.4 19/20 88 
None 0.2 18/20 | 76 
Nontreated controls 9/20 96 
Virulence titration: z= 
One-half ml. of a 1075 dilution 1/20 
One-half ml. of a 1077 dilution 4/5 


Infecting dose: 800 cells 


TABLE 8 


EFFECT OF 3 MG. OF ZYMOSAN GIVEN INTRAPERITONEALLY BEFORE INFECTION 
witH S. pyogENneEs C-203 


Survival at 14 days 


Time before infection, hours 


Alive/Total Mean survival time, hours 
48 13/20 63 
24 14/20 51 
Nontreated controls 2/20 30 
Virulence titration: 
One-half ml. of a 1074 dilution 3/5 
One-half ml. of a 10-5 dilution 3/5 
One-half ml. of a 10-6 di ution 5/5 


zymosan would increase the resistance of mice to infection with Proteus vul- 
garis OX-19, Pseudomonas fluorescens Ps2097, and Micrococcus pyogenes var. 
aureus NY-104, as shown by a significant difference in the numbers of survivors 
of treated over nontreated mice. We were also able to show an increase in 
mean survival time of treated over nontreated mice against Bacillus anthracis 
20S. We did not show any effect on an infection with Diplococcus pneumoniae 
IR type 1 or Candida albicans in mice, but we did show protection against 
Pasteurella multocida P-652 in chicks. 


Malucidin 


The malucidin supplied to us by I. A. Parfentjev was a gray slurry con- 
taining about 40 mg. of solids per ml. It did not take a methylene blue stain, 
and microscopic examination of a wet mount revealed mainly an amorphous 
material, although an occasional yeast cell could be seen. 

An experiment was done in which malucidin was tested for its ability to 
enhance resistance to Brucella abortus 2308, a fully virulent human strain. 
The mice were infected intraperitoneally with 0.2 ml. of a suspension contain- 
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TABLE 9 
EFFECT OF MALUCIDIN BY VARIOUS ROUTES ON AN INFECTION wiTH B. aBorTus 2308 
Survival at 21 days 
Malucidin, mg. X 3 doses : 
Route Alive/Total greg eel 
4 Intraperitoneal 5/5 _ 
1 Intraperitoneal 4/5 3.0 
0.4 Intraperitoneal 8/10 4.0 
4 Subcutaneous 1/10 2.8 
1 Subcutaneous 0/10 2.0 
0.4 Subcutaneous 1/10 225 
1 Intravenous 1/8 1.9 
0.4 Intravenous 1/10 Pees | 
Nontreated controls 0/10 She) 
Virulence titration: 
Two-tenths ml. of a 1:2 dilution 2/5 8.3 
Two-tenths ml. of a 1:10 dilution 2/5 9.0 


ing 40 X 108 viable organisms per ml. This suspension was prepared by har- 
vesting the 4-day growth from tryptose agar slants in 10 ml. of peptone water. 
Groups of mice were treated with 4, 1, or 0.4 mg. of malucidin by the intra- 
peritoneal, subcutaneous, or intravenous route. The volumes used were 0.25 
ml. for the intraperitoneal and subcutaneous, and 0.2 ml. for the intravenous. 
Three doses of the indicated amount were given, one 24 hours before, and one 
at 48 hours and one at 96 hours after infection. At the end of 21 days the 
survivors were killed with chloroform, and the spleens were removed asep- 
tically, hemisected, and streaked on tryptose agar plates containing 1:700,000 
crystal violet. The entire spleen was then weighed. The plates were incu- 
bated for 6 days at 37° C. under 10 per cent carbon dioxide before being ex- 
amined for colonies of Brucella. 

In terms of survival, even the smallest dose of malucidin given intraperi- 
toneally was highly effective, but all of the survivors continued to harbor 
Brucella in their spleens. By the subcutaneous or intravenous routes the 
malucidin, in the doses tested, was ineffective (TABLE 9). 

In other experiments we were able to show that malucidin given intraperi- 
toneally at 24 or 48 hours before infection with Proteus vulgaris OX-19, Proteus 
mirabilis HD, or Streptococcus pyogenes C-203 gave significant protection. 


Mucin 


We compared the effect of varying doses of mucin (Wilson 1701W), given 
intraperitoneally 48 hours before the standard K. pneumoniae AD infection, 
with the standard 3 mg. intraperitoneal dose of zymosan. These results, 
shown in TABLE 10, indicate that a dose of mucin eightfold larger than that of 
zymosan confers considerably less protection than the zymosan, although 
smaller doses did give some prolongation of mean-survival time. 

We then repeated the above experiment using S. pyogenes C-203 as the 
challenge organism. Here the results were very different. Even 0.75 mg. 
of mucin gave results that were not significantly lower than those for 3 mg. of 
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TABLE 10 


Errect oF VARyinc Doses or Muctn GIvEN INTRAPERITONEALLY 48 Hours 
BrFore INFECTION witH K. pyrumMonrAE AD 


Survival at 14 days 


Mucin, mg. 
Alive/Total Mean survival time, hours 
24 7/20 52 
12 1/20 41 
6 0/20 35 
3 0/20 43 
ie 2/20 41 
0.75 1/20 40 
Zymosan 3 mg. 15/19 138 
Nontreated controls 0/20 33 
Virulence titration: 
One-half ml. of a 1078 dilution 2/5 
One-half ml. of a 1077 dilution 4/5 
Infecting dose: 215 cells 
TABLE 11 


EFrrect OF VARYING DosEs or MuciNn GIVEN INTRAPERITONEALLY 48 
Hours BEForRE INFECTION WITH S. PyogENES C-203 


Survival at 14 days 


Mucin, mg. 
Alive/Total Mean survival time, hours 

24 18/20 148 

12 18/20 104 

6 15/20 88 

3 17/20 48 

eS 15/20 40 

O375 12/20 56 

Zymosan 3 mg. 16/20 60 

Nontreated controls 2/20 41 

Virulence titration: 

One-half ml. of a 1077 dilution 4/5 
One-half ml. of a 10-8 dilution 5/5 


Infecting dose: 145 cells 


zymosan. It will be noted that this was a fully virulent culture of S. pyogenes 
C-203, since the challenge dose of 0.5 ml. of a 10-6 dilution killed 18 of 20 non- 
treated mice (TABLE 11). 


Dextrans and Levans 


H. M. Tsuchiya, of the Agricultural Research Service Laboratory at Peoria, 
Ill., supplied us with several samples of dextran and levan. We dosed groups 
of mice intravenously or intraperitoneally 48 or 6 hours before a standard K. 
pneumoniae AD infection. The preparations used differed widely in their 
ability to increase resistance, as will be seen in TABLE 12. Dextran B-742 
given in a 50-mg. dose intraperitoneally 48 or 6 hours before infection gave 
good protection. A 25-mg. dose of the same substance given intravenously 
6 hours before infection also gave good protection. If given 48 hours before 
infection, however, dextran B-742 was much less effective, although the mean- 
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TABLE 12 
Errect OF DEXTRANS AND A LEVAN ON AN INFECTION wiTtH K. PNEUMONIAE AD 


Survival at 14 days 
F Time before 
Preparation Dose, mg. Route infection, hours Mear 
Alive/Total| survival 
time, hours 
Dextran B-742 50 Intraperitoneal 48 13/20 105 
| 50 | Intraperitoneal 6 17/20 104 
25 Intravenous 48 3/20 62 
25 Intravenous | 6 11/20 90 
Dextran B-1146 1259 Intraperitoneal 48 2/20 49 
12.5 Intraperitoneal 6 14/20 59 
6.25 Intravenous 48 1/20 40 
6.25 Intravenous 6 1/20 38 
Levan from B-512,| 25 Intraperitoneal 48 0/20 41 
fraction A 25 Intraperitoneal 6 5/20 65 
1255 Intravenous 48 0/16 39 
1285) Intravenous 6 0/20 46 
Zymosan 3 Intraperitoneal 48 15/20 137 
Nontreated controls — — 2/20 27 
Virulence titration: 
One-half ml. of a 10-6 dilution 1/5 
One-half ml. of a 1077 dilution 5/5 


Infecting dose: 1000 cells 


survival time was significantly prolonged. Dextran B-1146 formed a much 
more viscous suspension, so that the dose used was only one fourth of that 
used for B-742. This preparation gave good protection when 12.5 mg. were 
injected 6 hours before infection, but it prolonged survival time, significant at 
the 1 per cent level, only if the dose was given 48 hours before infection. An 
intravenous dose of 6.25 mg. either 48 or 6 hours before infection was without 
effect. Fraction A from a levan from B-512, given at 25 mg. intraperitoneally 
or 12.5 mg. intravenously at 6 or 48 hours before infection gave no significant 
difference in number of survivors, but it did increase the mean-survival time 
of the group dosed intraperitoneally 6 hours before infection by a significant 
amount. 


Pneumococcus Polysaccharides 


Some pneumococcus polysaccharides had also been reported by Pillemer 
et al.” to have absorbed properdin from serum, so they, too, were tried for their 
ability to increase resistance to infection. Since, like the dextrans, they form 
viscous suspensions, and since the supply was not large, we used a 5-mg. dose 
given intraperitoneally at 6 or 24 hours before a standard K. pneumoniae AD 
infection. Polysaccharides from types 12, 18, and 19, supplied to us by the 
Biological Production Section of the Lederle Laboratories Division, were used 
and, as can be seen in TABLE 13, the groups injected 6 hours before infection 
all had a significantly greater number of survivors than the nontreated controls. 
The groups injected at 24 hours before infection all had a significantly increased 
mean-survival time, but only the group injected with the type-18 polysaccha- 
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TABLE 13 


EFFECT OF 5 MG. OF POLYSACCHARIDES FROM TYPE 12, 18, or 19 PNEUMOCOccUS 
GIVEN INTRAPERITONEALLY ON AN INFECTION wiTH K. pyeumonrAzn AD 


Survival at 14 days 
Pneumococcus type Time Bee neat 
Alive/Total peace ha) 
12 24 3/20 43 
6 7/20 44 
18 24 6/20 57 
6 5/20 53 
19 24 1/20 55 
6 15/20 54 
Zymosan 3 mg. 48 16/20 60 
Nontreated controls — 0/20 32 


Virulence titration: 
One-half ml. of a 1076 dilution 5/5 
Infecting dose: 400 cells 


ride had a significant number of survivors. A polysaccharide from a type-14 
pneumococcus could also be shown to increase resistance to a Klebsiella infec- 
tion. 


Polysaccharides from Gram-N egative Bacteria 


It was reported by Pillemer and his associates” that polysaccharides from 
gram-negative bacteria would absorb properdin from serum. Also, Rowley” 
showed that a lipopolysaccharide from £. coli would enhance resistance to a 
virulent strain of £. coli. He was kind enough to supply us with a small 
amount of one of these lipopolysaccharides, and we were able to show that it 
would also increase resistance to our standard K. pneumoniae AD infection. 

In this experiment, shown in TABLE 14, we injected groups of mice intra- 
venously with 0.02 mg. or intraperitoneally with 0.09 mg. of the lipopoly- 
saccharide at various times from 2 to 72 hours before the standard K. pneu- 
moniae AD infection. The intravenous dose was chosen at the suggestion of 
Rowley, and the intraperitoneal dose was near the maximum tolerated dose, 
as shown by the death of 3 of the mice before infection. 

The group of mice injected intravenously 24 hours before infection had a 
significantly greater number of survivors than the nontreated mice. None of 
the other groups had significantly more survivors than the controls, but the 
groups injected intravenously at 6 and 48 hours and those injected intraperi- 
toneally at 24, 48, and 72 hours had a significantly prolonged mean-survival 
time. 

A polysaccharide from a Pseudomonas species has been described by Nesset 
et al26 This material, known as Piromen,* was tested for its ability to in- 


.crease resistance to the standard K. pneumoniae AD infection and also to 


see if it might, under the proper conditions, depress resistance to the infec- 
tion. The doses used were 0.1 mg. intraperitoneally or 0.06 mg. intravenously. 


* Kindly supplied to us by Myron Usdin of Baxter Laboratories, Morton Grove, III. 
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TABLE 14 
EFFECT OF A LIPOPOLYSACCHARIDE FROM E. COLI ON AN INFECTION WITH K. PNEUMONIAE AD 


Survival at 14 days 
Time before 
Route and dose, mg. infection, hours 5 Mon eee 
Alive/Total time, hours 

Intravenous 72 1/20 33 
0.02 48. 1/19 45 
24 8/20 75 
6 3/20 51 
2 0/20 31 
Intraperitoneal 72 2/19 41 
0.09 48 3/18 57 
| 24 3/20 58 
| 6 2/20 32 
2 0/20 20 
Zymosan 3 mg. intraperitoneal | 48 14/20 134 

Nontreated controls — 0/20 28 
One-half ml. of a 10-6 dilution 1/5 60 
One-half ml. of a 1077 dilution 2/5 83 


Infecting dose: 280 cells 


TABLE 15 


EFFECT OF A POLYSACCHARIDE FROM A PSEUDOMONAS SP. ON AN INFECTION 
witH K. pNEUMONIAE AD 


Survival at 14 days 
Route and dose, mg. ee ‘ 
Alive/Total bs anagsetN 

Intraperitoneal 48 7/40 56 
0.1 24 27/40 73 

6 3/20 51 

Intravenous 24 2/40 47 
0.06 6 14/20 53 
Zymosan 3 mg. intraperitoneal 48 22/40 100 
Nontreated controls — 1/40 31 


Virulence titration: 
One-half ml. of a 10-6 dilution 25/40 79 
Infecting dose: 400 cells 


In the first experiment the mice were treated 6, 24, or 48 hours before infection, 
as indicated in TABLE 15. The groups treated intraperitoneally at 24 hours 
or intravenously at 6 hours both had significantly more survivors than the 
non-treated controls. All of the treated groups had a significantly prolonged 
mean-survival time. 

Three groups of mice received 0.1 mg. of the polysaccharide intraperitone- 
ally, 0.06 mg. intravenously, or 3 mg. of zymosan intraperitoneally 2 hours 
before being infected with 0.5 ml. of a 10-® dilution of the standard K. pneu- 
moniae AD culture. The results, given in TABLE 16, show that the intra- 
peritoneal dose of the polysaccharide and the zymosan depressed resistance 
to the infection, but that the intravenous dose did not. 
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TABLE 16 


EFFECT OF A POLYSACCHARIDE FROM A PseupoMoNAS sp. GIVEN 2 Hours 
BrEForE INFECTION WITH K. PNEUMONIAE AD 


Survival at 14 days 
Route and dose, mg. 
Alive/Total Spr Oe: 1 
Jntraperitoneal sO ae cst acces es ccc ce sc ss 6/40 60 
Ea VenOUSW UO. UOTE Imam tiee caeaicce aan so « « 22/40 72 
ZY TAU BANE De Vee es on atave: aoe eterno crores rene 0/40 28 
Nonireated Comtrolsm One. 2s 0. cts stasis cece ss 25/40 79 


Virulence titration: 
One-half ml. 1077 dilution 5/5 
Infecting dose: 40 cells 


Colloidal Sulfur 


Konowalchuk, Hinton, and Reed® published a series of papers in which they 
described a reaction product of cysteine and iron. This material was identified 
as colloidal sulfur, although there was some minor difference in the X-ray 
diffraction pattern. Ordinary colloidal sulfur was biologically inactive in 
their hands. 

All of the materials that we had found to have a zymosanlike activity were 
very complex organic substances, so it was decided to prepare some material 
by the method described by Konowalchuk ef al.° and test it for zymosanlike 
activity. 

Ten gm. of cysteine hydrochloride and 2 gm. of ferric ammonium citrate 
were added to 20-liter lots of distilled water, and 5 N sodium hydroxide was 
used to bring the pH to 6.8. The solutions were autoclaved at 120° C. for 1 
hour, allowed to cool overnight, and reautoclaved at 120°C. for 1 hour. They 
were then allowed to cool for several hours before being placed in the chill- 
room at about 4°C., where they were held for 5 days. A grey-white precipi- 
tate formed, leaving a clear supernate. The supernate was siphoned off, and 
the precipitate was centrifuged about 15 minutes at about 3000 rpm., washed 
several times with distilled water, and air-dried. The yield was about 250 
mg. per 20 1., or about 12.5 per cent of the sulfur in the cysteine. 

Two batches of material were tested, 1 intravenously and 1 intraperitoneally, 
since the amount of material per batch was small. Control groups were run 
at what we believed were critical times to see if the batches had the same 
amount of activity. A preliminary check indicated that 3 mg. of material 
would be well tolerated by the intraperitoneal route, while 1 mg. was near the 
maximum tolerated dose by the intravenous route. Accordingly, these doses 
were given at various times before infection. The time intervals chosen were 
those used by Hinton, Konowalchuk, and Reed” except that, because of lack 
of material, we could not use all of the time intervals tested by these investi- 
gators. 

TABLE 17 shows the result of this test against the standard K. pneumoniae 
AD infection. The 3-mg. intraperitoneal dose protected at 24, 54, and 78 
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TABLE 17 
Errecr or “CoLLoOmAL SULFUR” ON AN INFECTION wiTtH K. pyEUMONIAE AD 


Survival at 14 days 
Colloidal waiur | Route and dose, me. nie bAfE ae 
Alive/Total | “time, hours” 
A Intravenous 1.0 120 6/14 75 
A Intravenous 1.0 96 8/14 72 
A | Intravenous 1.0 78 4/15 74 
B | Intravenous 1.0 78 5/15 80 
A Intravenous 1.0 54 7/14 67 
A Intravenous 1.0 24 4/13 54 
A Intravenous 1.0 4 7/14 42 
B Intraperitoneal 3.0 78 12/15 128 
A Intraperitoneal 3.0 78 14/15 160 
B Intraperitoneal 3.0 54 12/15 64 
B Intraperitoneal 3.0 24 12/15 ~ 40 
B Intraperitoneal 3.0 4 1/15 45 
Zymosan Intravenous 1.0 54 2/13 51 
Zymosan Intraperitoneal 3.0 54 8/15 82 
Nontreated con- — 2/15 46 
trols 
Virulence titration: 
One-half ml. of a 1076 dilution 0/5 62 


One-half ml. of a 1077 dilution 5/5 
Infecting dose: 1000 cells = 


hours. The intravenous dose was less effective but, if all the groups were 
considered, it would seem that both preparations were active. 


DISCUSSION 


In this investigation we have shown that 6 complex organic substances, 5 
of them of microbial origin and the sixth from hog stomach, and 1 inorganic 
substance, colloidal sulfur, can protect mice from an otherwise lethal bacterial 
infection. All of the substances will protect by the intraperitoneal route 
against an intraperitoneal infection. An enhancement of resistance, however, 
was also shown with zymosan injected subcutaneously. Dextrans, polysac- 
charides from gram-negative bacteria, and colloidal sulfur gave protection 
when administered by the intravenous route, although zymosan gave very 
poor protection and malucidin gave no protection by this route. We have 
also shown, in experiments not reported in detail here, that zymosan given 
intraperitoneally will protect against an infection given by the intravenous 
route. It would seem unlikely, therefore, that the enhancement of resistance 
is due to phenomena occurring entirely within the peritoneal cavity, although 
preliminary work has shown an initial depression and then a greatly increased 
number of leukocytes in the peritoneal cavity after the injection of zymosan. 

Several of the substances used by us have been demonstrated by Pillemer 
et al.” to absorb properdin from serum, but we have not determined what, if 
any, relation may exist between the enhancement of resistance and the pro- 
perdin system. Such a relationship might be shown, either directly by in- 
jection of properdin, or indirectly by the demonstration of a high properdin 
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titer in mice from groups that showed high resistance to infection. Our 
attempts to show a relationship by either method were unsatisfactory. 

Zymosan and a polysaccharide from a Pseudomonas species were shown to 
depress resistance to infection when given shortly before the infection, and 
zymosan depressed resistance when given 4 hours after the infection. 

No quantitative dose-effect relationship was determined among the dextrans 
or the pneumococcus polysaccharides, nor did we try to compare the effects 
of the various substances quantitatively. 


SUMMARY 


We have shown that zymosan, malucidin, mucin, some native dextrans, 
polysaccharides from types 12, 14, 18, and 19 pneumococci, polysaccharides 
from E. coli and a Pseudomonas sp. and a preparation of colloidal sulfur, when 
given by a route and at a time before infection that differs from substance to 
substance, increase resistance to infection with K. pneumoniae AD. Zymosan, 
malucidin, and mucin were also shown to increase resistance to S. pyogenes, 
and zymosan and malucidin were shown to increase resistance to a number of 
other bacterial infections, both gram-positive and gram-negative. 

Zymosan and a polysaccharide from a strain of Pseudomonas were shown 
to depress resistance to infection with A. pneumoniae when given shortly 
before the infection. In the case of zymosan, however, this depression of 
resistance could be counteracted by a dose of tetracycline. 

A postinfection dose of zymosan was shown to abolish the increased re- 
sistance to K. pneumoniae induced by a preinfection dose of zymosan. 
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THE EFFECT OF PERIPHERAL VASCULAR COLLAPSE ON 
THE ANTIBACTERIAL DEFENSE MECHANISMS* 


By Jacob Fine 
Beth Israel Hospital, Boston, Mass. 


Previous work has demonstrated that animals in experimental hemorrhagic 
shock produced by the elevated reservoir technique will regularly survive if the 
blood-volume deficit is restored after 2 hours at a fixed low level of blood pres- 
sure, and that animals will die with nearly equal regularity if the blood-volume 
deficit is not restored until after 4 to 5 hours at the same fixed low level of 
blood pressure. The explanation for the difference between survival and 
recovery as a function of time, in our view, lies in the extent of the injury done 
to the bactericidal mechanisms by the deficient blood flow. As soon as shock 
develops, bacteria in the tissues, or normally and continuously invading from 
the respiratory or gastrointestinal tract, begin to produce toxins. These can- 
not be excreted during shock. As the shock continues, the antibacterial 
mechanisms, including those that destroy bacterial toxins, continue to de- 
teriorate, so that the host becomes increasingly vulnerable to bacterial activity. 
Eventually the toxins accumulate in sufficient amount to render the circula- 
tion refractory to transfusion. Even if the response to transfusion is satis- 
factory, the host remains excessively vulnerable during the recovery period 
and does not acquire its normal antibacterial potential for about 48 hours. 
This paper summarizes the evidence obtained to date in support of this hy- 
pothesis. 

Broad-range antibiotics given prior to inducing shock increased the survival 
rate of animals, transfused after exposure to hemorrhagic shock for 4 or more 
hours, from less than 20 per cent to 65 per cent or higher.? This was inter- 
preted to mean that the development of the refractory state of the circulation 
was prevented because the generation of bacterial toxins was suppressed. 

A more direct relationship between the refractory state and bacterial toxins 
was demonstrated in experiments in which a fatal peritonitis was produced in 
dogs by injecting a fecal suspension intraperitoneally.* By this technique a 
very severe form of hypovolemic septic shock is produced. The plasma- 
volume deficit is severe, and the cardiac output falls rapidly to very low levels, 
often well in advance of the fall in blood pressure, and death occurs in 3 to 9 
hours. Therapy with plasma in sufficient volume to prevent a critical fall in 
plasma volume fails to secure any significant benefit. If a broad-range anti- 
biotic is given before shock is induced, however, recovery occurs even though 
the shock is as prolonged and severe as in the unprotected animal.f Since 


* This paper is a summary of investigations published, in press, or to be published by the following collabo- 
rators: J. Fine, E. D. Frank, H. A. Frank, E. Friedman, E. Gordon, H. Korman, S. Jacob, A. Rutenburg, S. 
Rutenburg, F. Schweinburg, and H. Weizel. ; é ; 

Expenses for the work described in this paper were provided in part by a contract with the Office of the Sur- 
geon General, United States Army, through the Subcommittee on Shock, National Research Council, Washing- 
ton, D. C., and in part by a grant from the National Institutes of Health, Public Health Service, Department of 
Health, Education, and Welfare, Bethesda, Md. 

+ The one exception to this is that the blood pressure does not fall to a very low level. The blood pressure 
tends to remain elevated in the untreated pee burn shock# and tourniquet shock,® as well as in a profusely 
exudative septic type of shock, until the circulation begins to fail and prelethal collapse is imminent. This is 
probably due to the hemodynamic effects of the very high hematocrit, which is characteristic of these types of 
shock because the blood-volume deficiency arises from a loss of plasma without a significant loss of red cells. 
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the antibiotic served only to exclude bacterial toxins, and no other therapy 
was given, it follows that, in the absence of bacterial toxins, prolonged hypo- 
volemic shock can be tolerated and still remain responsive to fluid volume 
therapy, in this case by the resorption of fluid from the peritoneal cavity. 

Search for the offending bacteria in the living tissues or blood in the rat,® 
rabbit,’ and dog® has failed. In the dog, clostridia are present in many tissues 
but, because neomycin was among the effective antibiotics tested, they cannot 
be the primary offenders. Nevertheless, bacteria are present and responsible 
for the development of the refractory state of the circulation as the following 
experiments indicate: 

(1) The livers were excised, with aseptic precautions, from normal dogs and 
from dogs dying of hemorrhagic shock refractory to transfusion. Mash pre- 
pared from “normal” liver or from “‘shocked”’ liver was injected into the peri- 
toneal cavity of normal dogs. These dogs were found to tolerate the intra- 
peritoneal injection of ‘‘normal’’ and ‘‘shocked” liver mash equally well, as 
indicated by the survival of 70 per cent of them. But dogs transfused after 
2 hours of hemorrhagic shock did not respond to such injections as do normal 
dogs. They tolerated “normal,” but not “shocked” liver. The ‘“‘shocked” 
liver therefore contained a factor, not present in ‘“‘normal” liver, that was 
lethal for a reversibly shocked dog that otherwise would have recovered. 
This factor was shown to be of bacterial origin by the further observation 
that the reversibly shocked dog was fully protected if given antibiotic. If the 
recipient in reversible shock is vulnerable to ‘“‘shocked”’ liver, how much more 
vulnerable must the donor in more prolonged shock have been to this bacterial 
factor in his own tissues?* 

With the foregoing observations as a background, we proceeded to investi- 
gate the status of the various components of the antibacterial defenses in 
hemorrhagic shock. The first defense tested was the ability to clear and de- 
stroy a challenge dose of bacteria.* Normal dogs and dogs transfused after 
2 hours in hemorrhagic shock received intravenous doses (5 to 50 million cells) 
of a 24-hour culture of 1 of 3 species of bacteria. They were found to clear 
such bacteria with virtually equal facility, so that less than 10 bacteria per 
ml. of blood were recovered 6 hours after injection. Irreversibly shocked dogs 
did not clear the blood as well for, in about one half of them, the bacteria were 
rapidly multiplying by the sixth hour. The bactericidal powers of the ir- 
reversibly shocked dogs had therefore become much weaker than those of 
the reversibly shocked dogs because of the longer exposure to shock. More 
striking, however, was the difference between the bactericidal powers of the 
normal and the reversibly shocked dogs, for the normal dogs showed sterile 
blood the next day, whereas all the 2-hour-shock dogs showed bacteremia. 
The normal dogs recovered, but all the 2-hour-shock dogs died with bacteremia 
in 1 to4days. The 2-hour-shock dogs also died when the bacteria were given 
after transfusion at any time up to 24 hours. If given bacteria during the 
second 24 hours after transfusion, the 2-hour-shock dogs did not kill the bac- 
teria as rapidly as did normal dogs, but they survived. 


* The response to muscle mash was the same as to liver mash. 
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(2) The other defense mechanism studied was the phagocytic activity of 
granulocytes in plasma.’ The phagocytic index of granulocytes taken from 
normal dogs and immersed in plasma from normal dogs served as a standard. 
Some of these normal dogs were then exposed to irreversible shock and others 
were transfused after 2 hours of shock. Successive samples of plasma from 
each dog in both groups during shock, and from the latter group during the 
recovery phase, were then tested for their effect on the phagocytic activity of 
normal granulocytes. A decline in the phagocytic index was observed in 
both groups. In the irreversibly shocked dogs the index continued to fall 
more and more as the shock continued. In the reversibly shocked dogs the 
decline was halted by the transfusion, and the next day the phagocytic index 
was back to or near the preshock value. This reaction was taken to signify 
a loss in the titer of a phagocytosis-promoting factor in plasma but, in view of 
recent data to be presented below, the loss of phagocytic activity is more likely 
to be caused by a toxin that appears in plasma in consequence of the shock 
state. 

Further studies of the effect of plasma from shocked animals on the function 
of phagocytes were made as follows:!° granulocytes were obtained from the 
peritoneal cavity of a rabbit 6 hours after the injection of beef-infusion broth. 
These granulocytes were tested for their capacity to ingest and destroy bac- 
teria when immersed in plasma from normal and shocked rabbits. The plasma 
from the shocked rabbits was taken 4 hours after transfusion for hemorrhagic 
shock of 2 hours’ duration. Granulocytes in normal plasma displayed a much 
higher phagocytic and lytic capacity than the same cells immersed in plasma 
from the shocked rabbit. Moreover, these cells showed gross morphologic 
injury only when immersed in the plasma from the shocked rabbit. This 
injury consisted of a gross malformation of the nucleus, which changed from 
a multilobular to a ringlike form with loss of nuclear detail, together with 
blurring and disruption of the cytoplasm (FIGURE 1). Cells so damaged, if 
washed 3 times in iced gelatin and Locke’s solution and then immersed in 
normal plasma, remained injured morphologically and functionally. These 
data demonstrate that reversible hemorrhagic shock results in the development 
of a substance that is toxic to granulocytes. Macrophages are likewise injured 
morphologically by immersion in shock serum, but the degree of functional 
damage, if any, has not yet been determined. 

Whether this leukotoxin injures the phagocytes of the animal from which 
the serum was obtained is not known, but indirect evidence that this is true 
is twofold: 

(1) Macrophages harvested at 6, 12, 24, and 48 hours from the peritoneal 
cavity of normal rabbits irritated by the injection of beef-infusion broth were 
homogenized and their enzyme content determined quantitatively by appropri- 
ate colorimetric methods.!' No change was observed in the amount of lipase, 
esterase, or alkaline phosphatase with these differences in time. The amount 
of 6-glucuronidase and acid phosphatase increased steadily, however, up to 4 
times the control value at the end of 48 hours. Corresponding data from 
rabbits transfused after 2 hours in hemorrhagic shock showed no increase in 


Ficure 1. Granulocytes from the peritoneal cavity of the normal rabbit washed in iced gelatin and Locke’s 
solution and then suspended in fresh plasma from a normal rabbit. 


the content of 8-glucuronidase or acid phosphatase at any time during the 
48-hour period. 3 
(2) Intravenous endotoxin rapidly induces leukopenia, which persists until 
death if the dose of endotoxin is lethal. Within 5 to 10 minutes after injecting 
the endotoxin, the granulocyte count falls to below 20 per cent of the total 
count and remains there or continues to fall still further until death. The 
lymphocytes constitute the remainder of the total count, and they show an 
absolute as well as a relative increase at first but, as the total count continues 
to fall, the total lymphocyte count may decline below the control value. The 
same effect is observed when the dose of endotoxin is sublethal, except that 
the leukopenia is not as severe and, after 4 hours or more, there is a beginning 


return to the normal total and differential count, which may be reached quickly 
or after some hours. 
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The behavior of the leukocytes in the blood of the rabbit exposed to hemor- 
thagic shock is almost the same as when endotoxin is given.” The leukopenia 
is not as marked and the fall in the granulocyte count not quite as rapid or 
steep. In the reversibly shocked rabbits the total and granulocyte counts do 
not recover until 18 to 24 hours after transfusion. 

Whether or not the granulocytopenia represents destruction or immobiliza- 
tion in the peripheral circulatory bed, there is no doubt, as Miles and Niven 
have already shown," that the shocked animal cannot deliver granulocytes 
to a site of challenge by an irritant during shock or, as we have noted, for some 
time after recovery of a normal hemodynamic status. We have attempted 
to quantitate this phenomenon by comparing the yield of cells from the perito- 
neal cavity of a normal rabbit 6 hours after injecting beef-infusion broth with 
the yield from a rabbit similarly injected immediately after transfusion for 2 
hours of hemorrhagic shock.'* The yield from the unchallenged peritoneal 
cavity of normal and shocked rabbits is 3 to 4 million cells, of which 65 to 70 


Ficure 2. Granulocytes as in FIGURE 1 except that the plasma is from a rabbit 4 hours after transfusion 
for hemorrhagic shock of 2 hours’ duration. 
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per cent are macrophages, 20 per cent are granulocytes, and 10 per cent are 
lymphocytes. An average of 100 million cells is obtained from the challenged 
normal rabbit. Of these, 93 per cent are granulocytes and 7 per cent are 
macrophages. In the challenged shocked rabbit, however, the total number of 
cells that can be washed out of the peritoneal cavity is no greater than can be 
washed out of the unchallenged peritoneal cavity, nor is there any change in 
the differential count. 

The inability to deliver cells to the site of challenge involves the paralysis of 
some function apart from the defective hemodynamics, since the shocked rab- 
bits were challenged after the hemodynamic status was virtually normal. 

We have already alluded to the leukotoxin obtained from the reversibly 
shocked rabbit 4 hours after transfusion. Because the early and rapid decline 
in the granulocyte count in shock is so much like the response of these cells 
to the injection of endotoxin, there is reason to suspect that a leukotoxin similar 
to endotoxin, at least with respect to this property, develops very early in 
shock. Pending the results of a current effort to isolate and identify such a 
toxin early in shock, it is relevant at this juncture to take note of our observa- 
tion that whereas certain antibiotics given prior to shock prevented irreversi- 
bility to transfusion, the same antibiotics given shortly after inducing shock 
failed to do so,? in spite of the reasonable assumption that toxin does not form 
after their administration. In view of this, the inescapable inference from 
our general hypothesis is that the amount of toxin developed early in shock 
prior to giving an antibiotic, even if not added to as shock continues, must 
account for the development of irreversibility to transfusion. Since this ir- 
reversibility does not develop until after 3 or + hours of shock, we are compelled 
to make the further inference that a small amount of toxin formed early in 
shock can become a lethal dose if the sensitivity to toxin increases as shock 
continues. That this is true is evident from the results of sensitivity tests 
with a standardized intravenous dose of an Escherichia coli endotoxin.’? A 
normal rabbit, weighing 2 to 3 kg., was killed by 10~' mg., whereas another 
rabbit of the same weight and litter was killed by 10~® mg. 4 hours after trans- 
fusion for shock of 2 hours’ duration. Normal resistance to this toxin did not 
return until after 24 hours. 

The progressive weakness of the antibacterial mechanisms can be explained 
either as a result of (1) the accumulation of toxins, which damage these mecha- 
nisms still further, thus creating a vicious circle; or (2) the deterioration of the 
tissues involved in this function, along with the deterioration of tissue func- 
tions in general, in proportion to the degree and duration of tissue anoxia due 
to deficient peripheral flow. The significance of tissue anoxia is indicated by 
the protective effect of the prophylactic administration of dibenzyline!® or 
Thorazine,” which appear to act by diverting to the terminal circulation a 
larger-than-normal fraction of the total circulating blood volume, thus pre- 
venting the degree of tissue ischemia that occurs in response to hemorrhage 
in an animal with an unhindered vasoconstrictor mechanism. Another way 
of assessing the role of tissue anoxia in antibacterial defense is to reduce the 
tissue requirements for oxygen by hypothermia. In animals precooled to 
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28° C., hemorrhagic shock is better tolerated, the response to transfusion is 
excellent, and the survival time is prolonged from about 6 hours to 30 hours.!8 
The delayed death of the animal must therefore be explained as due to the 
development of a lethal factor after transfusion. This factor was shown to 
be bacterial activity by the observation that if antibiotic therapy is started at 
the time of transfusion, all of these animals recover. Since such antibiotic 
therapy in normothermic animals is futile, the hypothermia must have pro- 
vided some protection to the antibacterial mechanisms. This protection, 
though partial, is not inconsiderable for, when precooled dogs are challenged 
with intravenous bacteria during shock of 2 hours’ duration, or in the normo- 
thermic state after transfusion, they recover, whereas, as already stated, cor- 
responding normothermic dogs die.!® 

Further evidence that tissue anoxia injures the antibacterial mechanisms is 
the difference between the titer of properdin in a normothermic dog in hemor- 
rhagic shock and a precooled dog in hemorrhagic shock. In the former, the 
titer falls precipitously within 2 hours and to a minimal level after several 
more hours.”° In the latter case the titer is well sustained up to the time of 
transfusion (6 hours). After transfusion and rewarming, the precooled dog’s 
titer falls rapidly to minimal levels or to zero. 

The following observation suggests a relationship between the properdin 
titer and the tolerance to shock: of 12 precooled dogs exposed to hemorrhagic 
shock for 6 hours, 3 died during the period of shock. The remainder were in 
good condition up to the time of transfusion. The 3 that died prior to trans- 
fusion had a properdin titer of 3 units or less prior to shock. The remainder 
had normal or near normal properdin titers. 

Data on the relationship between the properdin titer and the shocked ani- 
mal’s resistance to infection remain to be provided. Relevant preliminary 
data are the following observations: the morphologic injury produced by ex- 
posure of granulocytes or macrophages to plasma from shocked dog is pre- 
vented if 0.04 ml. of this plasma is previously diluted with 0.16 ml. of normal 
plasma. This ratio is 0.16 to 0.04 when the normal plasma is fortified with 
16 units of properdin per mil.” 
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NUTRITIONAL AND GENETIC FACTORS IN THE NATURAL 
RESISTANCE OF MICE TO SALMONELLA INFECTIONS 


By Howard A. Schneider 
Rockefeller Institute for Medical Research, New York, N.Y. 


What is natural resistance? This is an odd question to raise in this publica- 
tion, but there are some aspects of this question that need analysis before de- 
scribing some of our experiments that, loosely interpreted, might fall into the 
category of answers. The analysis that I propose is philosophical and psycho- 
logical and, if I begin with philosophy, it is because I believe philosophy rightly 
comes first, guiding us to appropriate experiments. The time for philosophy 
is at the beginning, so that we may end by confronting the natural world, 
and not the other way ’round, beginning with experiments and ending by 
confronting ourselves and one another. 

First, ‘natural resistance”? epitomizes a problem. What is this problem? 
Where are its beginnings? ‘The problem has its seat, I believe, in our inability 
to incorporate into the already existing body of our theoretical understanding 
of infection the simple experience that a microbe that is pathogenic for a given 
species often proves to be without effect for a second. Here, before we have 
taken the first step toward understanding this experience, the problem has 
been “loaded.” It has become “loaded” because, in epitomizing this experi- 
ence, we all too quickly introduce the word “resistance,” which hints of the 
kind of analysis that we anticipate, namely, that nonresponding species oppose 
our attempt to elicit disease. This opposition we find frustrating, for the 
mere fact that we have attempted to produce an infection clearly indicates 
our power-seeking motive to mastery. In the case of the susceptible species, 
where our theoretically directed operations result in infectious disease, we feel 
a sense of power and, to paraphrase Francis Bacon, that our power is knowl- 
edge. We feel that we understand. But when, with the mere change in host, 
the identical operations result in no disease, we feel frustrated, we feel opposed, 
we feel that something is “resisting” us and, by projection, we feel that the 
microbe, too, is being “resisted.” With this outlook it is the most natural 
thing in the world to expect that an attempt to understand will generate a 
search for such items as are already in our theoretical framework of infection 
and that would be elements of opposition to microbial pathogens, that is, 
natural antibodies, bactericidins, virucidins, bacteriostatic entities, anatomical 
barriers, lysins, and the like. It may turn out that such a strategically oriented 
view may prove fruitful but, when one considers the psychological origins 
of the view that I have sketched above, I think that there is good reason to 
be less than enthusiastic and, I feel, there is some room for disquiet. 

Permit me to start the analysis of the problematic situation all over again, 
and let us see whether we can avoid “loading” the problem with hints of what 
the answers should be. Then let us go to the natural world with some experi- 
ments and see if we can pose some unambiguous questions in the hope that 
the answers will bear the same stamp. 
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My analysis will be on 2 levels: (1) on the differences in susceptibility be- 
tween host species, and (2) on the differences in susceptibility within host species. 
I begin with susceptibility, which is the basis of our awareness of infectious 
disease in the first place, and I define it as a capacity to respond to the microbic 
agent with the signs we label as disease. Now there are, for a given pathogen, 
responding and nonresponding species, or susceptible and insusceptible species. 
For these latter, instead of conjuring up forces of “resistance,” which I think 
would be gratuitous, we are on better ground and show more philosophical 
parsimony if we admit that we do not understand, at this interspecific level, 
why the insusceptible species lacks the capacity to respond to the infectious 
agent. In another place* I have discussed the obstacles that prevent us, at 
this time, from making either a genetic or nutritional analysis of these inter- 
specific differences. Suffice it to state here that technical difficulties block 
our analysis, and let us proceed to the more hopeful area of intraspecific dif- 
ferences in susceptibility to infectious disease. For this purpose I shall draw 
on a single, well-worked model of an infectious disease, namely, mouse salmonel- 
losis. As a representative of its species, the laboratory mouse is notoriously 
susceptible to infection with Salmonella typhimurium, as laboratory-stock 
epizootics and infection experiments all easily attest. For identical doses of 
Salmonella introduced in the identical way, however, it is also true that dif- 
ferences exist between mice in the sense that an extremely varied response 
can be observed as experiences with thissinfection model accumulate, ranging 
from sudden and early death through various degrees of illness, with or without 
death, tocomplete survivorship. Here are our rawsense data: for with identical 
doses administered in identical ways, some mice die and some mice live. Why? 

The first award for penetration into this problem, I think, goes to the geneti- 
cists':7 who by inbreeding and selection showed that these differences, what- 
ever their bases might be, could be manipulated by planned mating and 
assembled into stocks that were widely and predictably divergent in their re- 
sponse to the infectious agent. By tradition these stocks are labeled as “‘sus- 
ceptible” and “resistant,” but may I remind you that there is still no evidence 
that the “resistant” stocks embody any added something that the susceptible 
stocks lack. At the moment, to be rigorous, we must label these stocks as 
“‘Insusceptible” and suspend our judgment, for the possibility exists that these 
insusceptible stocks /ack something rather than have something. This is all 
to say that at the genetic level we face the same problem the physiological 
geneticist faces, namely, whether in a given instance the allelic difference is 
ascribable to a gain or toa loss. All we know with certainty is that a difference 
exists. That this difference can be arranged by appropriate breeding, and 
that the stocks thus produced can present us with this difference for study, 
reproducibly and at will, is an important, strategic contribution. All that 
would remain, it seems, is to examine these divergent genotypes and establish 
in just what phenotypic detail they differ. Unfortunately we do not know 
precisely what to look for, although this is not for lack of suggestions, some of 
which are included in this monograph. I do not propose now to make a case 
for or against any of these suggestions, but to direct your attention to a hitherto 
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unappreciated aspect of the host-pathogen situation that must be cleared away 
before our analysis can continue. 

What is this new aspect? It is simply this, that intraspecific natural re- 
sistance is operationally dependent upon the structure, the composition of 
the testing pathogen population. In our hands, host differences in the mouse 
salmonellosis model are directly dependent upon this factor.* Briefly, a uni- 
form, clonal population of virulent S. typhimurium kills all of these divergent 
genotypes we have just been discussing; a uniform clonal population of aviru- 
lent S. typhimurium results in survivorship of these same mouse genotypes; and 
it is only when we arrange a mixed population of virulent and avirulent S. 
typhimurium that we find sanity restored, with “resistant”? genotypes surviving 
and “susceptible” genotypes succumbing. ‘This experience I have summarized 
in FIGURE 1. 
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In the upper left-hand corner of this figure we see that the so-called “re- 
sistant” genotypes all died when infected with a uniform clonal population of 
S. typhimurium. Where is their resistance? That they are entitled to be re- 
garded as different from the susceptible genotypes is evident from the test 
with the mixed population. It also irrevocably follows, however, that this 
treasured genotype that we have received from the hands of the geneticist 
cannot be regarded as resistant unless, at the moment of our inspection, we 
specify that the testing pathogen population is heterogeneous in its composition 
with respect to virulence. What we still have to account for, however, is the 
original success of the geneticist in selecting out these divergent host strains 
by the tests he conducted during this process, in which the specification of 
heterogeneity of the pathogen that I have advanced, as necessary and impor- 
tant, was never mentioned or appreciated. The reason for this was, historically, 
an automatic and built-in feature of the way the tests were conducted. The 
testing strain of pathogen was a carefully husbanded and conserved strain. 
Even if this test strain were uniform at the start, which it probably was not, 
we now know from direct experiments? that merely storing the stocks in the 
ice box on slants, as was the custom, would result, in the short space of weeks, 
in a heterogenous stock. The genetic experiments themselves, we know, were 
of necessity spread over many years. There is thus ample reason to believe 
that the important role of genetic heterogeneity of the pathogen in experiments 
in natural resistance is not a ‘““Johnny-come-lately”’ but has been a silent and 
unappreciated factor from the very outset. 

This role of the genetic heterogeneity of the pathogen population as the 
operational base of our awareness of host differences in the genesis of disease 
is not confined to the differences arranged by the genetics of the host. It is 
at the bottom of nutritional manipulation of infectious disease as well. When 
we add nutritional manipulations to the genetic analysis we can synthesize 
our experience by the chart presented in FIGURE 2. 

Here we see that the nutritional manipulation of survivorship in an in- 
fectious disease is confined to that model in which a genetically heterogenous 
host is infected with a genetically heterogenous pathogen population. The 
nutritional difference we are examining here is the difference between a diet 
of natural food materials and a chemically defined so-called synthetic diet. 
The reasons for this choice have been described elsewhere,® and need not de- 
tain us at this time. The lesson we draw here, however, is that we have now 
added a second specification to our operations, that is, that in addition to the 
heterogeneous pathogen population in our infection model, we must also insist 
that the host be unselected and genetically heterogeneous. Here at last is 
the area in which we can now begin to untangle the effect of nutrition on sur- 
vivorship in an infectious disease. 

Thus far I have been emphasizing that all we have had in our hands is a 
manipulable difference in survivorship, first by genetics and now by nutrition, 
but I have pointed out, in the course of this paper, the reasons for suspending 
our judgment as to whether we should be looking for opposed forces or for lack 
of capacity to respond, which would be another matter entirely. Put in 
another way, is a greater survivorship due to an increased something, or to a 
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lack of something? The geneticist is unable to answer this question for us, 
but the nutritionist now provides us with the answer. I shall give you this 
answer at once. It is that increased survivorship can be achieved by both 
means, by addition or subtraction of host physiological entities. Thus, in 
mouse salmonellosis, survivorship can be increased by subtracting fat from the 
diet, and also by adding certain other items from the world of natural food- 
stuffs. Now we can come down off the fence and give operational definitions 
to the words that have been at the tips of our tongues, but which we have 
restrained ourselves from using and, as we now realize, for very good reasons. 
For our skepticism has been borne out by events. Improved survivorship 
in infectious disease, when host-arranged, may be due to the lack of something 
that we should now freely label a decrease in susceptibility, or this improvement 
may be due to the gain of something that we now freely label an increase in 
resistance. Let me briefly recapitulate to the point at which we have now 
arrived. In our analysis of the mouse-salmonellosis model we have become 
aware that differences in survivorship, whether arranged by nutritional or 
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genetic means, are operationally dependent upon a virulence-avirulence hetero- 
geneity of the pathogen population. When this heterogeneity is removed 
and replaced by homogeneity, the host-arranged differences in survivorship 
disappear. A study of nutritional influences on these survivorship differences 
has shown that survivorship can be increased by either of 2 diametrically op- 
posed operations, either by withholding fat or by adding a new entity as yet 
undefined. Based on these operations we have defined the first as a suscepti- 
bility factor and the second as a resistance factor. In other words, when we 
add something to the host physiology and survivorship goes down, we shall 
call that a susceptibility factor, and when we add something and survivorship 
goes up, we shall call that a resistance factor. Now the question arises, what 
is the chemical nature of these factors? 

In my concluding remarks I shall confine myself to the resistance factor, 
upon which we have spent most of our time, and leave aside the investigations 
on the susceptibility factor, the study of which we have only lately resumed. 
In order to get on with the technical task of sorting out and identifying the 
new resistance factor from natural products, I beg your indulgence to describe 
briefly the assay on which this work is based. As I have stated, the arrange- 
ment of a nutritional difference in survivorship in mouse salmonellosis is 
operationally based on the peculiar procedure of infecting the mice with 2 strains 
of S. typhimurium, a virulent strain and an avirulent strain. In order better 
to understand this phenomenon, which has been dubbed the double-strain 
phenomenon, we have introduced, with the assistance of Norton Zinder, the 
use of genetic markers on the infecting bacteria. The avirulent strain is 
xylose nonfermenting, and the virulent strain has been given the distinguishing 
heritable marker of a xylose-fermenting capacity by the isolation of an ap- 
propriate mutant. This new virulent strain is as virulent as the parent strain. 
On appropriate, differential, xylose-containing media these 2 strains are easily 
identified and, after they have been introduced into the mouse, their separate 
kinetics of multiplication and their ultimate fate can be traced easily. The 
important bacteriological event, which is influenced by the diet of the host and 
which is correlated with survivorship, is the early suppression of the usual 
increase in numbers of the virulent salmonellae in the mouse. In a recent 
publication® the analysis is detailed by which we finally arrive at the stage 
where we substitute a bacteriological datum such as one presented to us by a 
measurement of the size of the virulent population in the spleen of a mouse 
at an empirically determined time. To spell this out, the assay now consists 
of measuring the virulent population in the spleen of 5 test mice, in the presence 
of the avirulent population, on the second day postchallenge with the virulent 
strain of S. typhimurium. If the spleen contains less than 100 virulent cells 
it is judged to be a positive response, that is, that particular mouse, if not 
sacrificed for 30 days, would have survived. A population of virulent cells 
greater than 100 indicates a nonresponding mouse, that is, that particular 
mouse would have died if not sacrificed for the 30-day test period. The pro- 
cedure of counting black colonies on a plate is now the epistemic correlate, the 
actual sense-inspected data by means of which we infer the occurrence of the 
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event that excited our interest in the first place, namely, host-manipulated sur- 
vivorship in an infectious disease. With this assay we can predetermine the 
frequency of ultimate survivorship in an infectious disease. With this assay we 
can detect the presence of survivorship-promoting activity, nutritionally sup- 
plied, by using 5 mice in a test with a total time elapse of 8 days. This substi- 
tution of a bacteriological datum for survivorship is an important and worri- 
some departure. ‘That this datum is indeed linked to survivorship, our primary 
concern, in a firm 1:1 relationship is indicated in FIGURE 3. This correlation 
we find reassuring. 

By the use of this assay we have been able to track down, for a considerable 
distance, the chemical entity from the world of natural foodstuffs that is re- 
sponsible for this survivorship effect. The richest sources of the factor thus 
far found have been wheat, malted barley, and commercial dried egg white. 
From these sources the activity is extractable with methanol, and can be con- 
centrated and purified in a schema such as that presented in FIGURE 4. Fol- 
lowing chromatography on resin columns (IRC-50) and sublimation of the 
ammonium-formate buffer, active fractions can be further chromatographed 
on paper in a butanol-acetic acid-water system (R: approx. 0.8) and eluted 
strip material subjected to paper ionophoresis. Ranging from pH 4 to pH 
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9, the activity zone showed no tendency to migrate in the electric fields applied. 
Activity is dialyzable, is destroyed by ashing, is stable to heating in aqueous 
systems around neutral pH, but is destroyed in 0.1N alkaline and 0.1N mineral 
acid. It is stable to ultraviolet light and purified solutions are spectroscop- 
ically empty in the ultraviolet region, possessing only a nonspecific end absorp- 
tion. Concentrated solutions are yellow to brown. No positive clue has 
thus far been obtained as to chemical structure. All measurements of activity 
have been made by bioassay. The over-all concentration from a source such 
as wheat has been of the order of one millionfold, with an efficiency of about 
20 per cent. 

From the foregoing I believe that we must conclude that, in the natural 
world, there exist nutritional entities capable of enhancing natural resistance 
to infection as we have analyzed it here. These entities, which are probably 
distinct and different for each biological group of diseases, are apparently 
present in small amounts, and from an epidemiological viewpoint are probably 
but mere ripples on the deep ocean-swell of evolutionary and genetic adjust- 
ments between the host and pathogen species. In appropriately constructed 
models, however, they can be ascertained and, by concentration, their effects 
might be enhanced. This, if true, would be an important and strategically 
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different way to control infectious disease. What are the prospects? With 
this examination I shall conclude. 

Using our double-strain inoculation assay in the mouse-salmonellosis model 
we have found® that the nutritional factor is not stored. When mice are placed 
on the basal synthetic diet, the effect of all previous dietary history is lost 
within 2 days. When the resistance factor is supplied, its effects are evident 
almost immediately and the factor can be withdrawn on the second postinfec- 
tion day with the same ultimate beneficial result on survivorship as if it had 
been fed continually to the end of the 30-day observation period. We con- 
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clude that the nutritional resistance factor we have defined here is in a dynamic 
equilibrium in the host, and that its action in the early hours of the infection 
is decisive. All that follows, either death or survival, is a consequence of that 
decision. 

Now what of the effect of concentration of this factor in the diet? How 
much do we have to add to the diet in order to protect how many more mice 
in the infected population? ‘The dose-response curve is given in FIGURE 5. 
It will be noted that we obtain a typical quantal response in the shape of a 
sigmoid curve. It will also be noted that the ordinate is in logarithms of 
dietary concentration. This we interpret to mean that if we increase the 
dietary concentration logarithmically we can expect to protect more and more 
of our animals, for our mice are responding as a normally distributed popula- 
tion, as FIGURE 6 indicates. The origins of some of our troubles are now evi- 
dent. In order to cope with the statistical problems of dealing with infection 
in these terms, we have had to embrace the world of infection as it is. In 
order to attain mastery we must be prepared to expend the effort to concen- 
trate from the natural world certain powerful items that are present in low 
concentration and, when we are prepared to squander these items, we can 
construct a new dietary environment in which, without formal limit, we can 
embrace the world of infectious disease and bend it to our will. 
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CELLULAR PRODUCTS AFFECTING THE ESTABLISHMENT 
OF BACTERIA OF DIFFERENT VIRULENCE 


By Werner Braun 


Institute of Microbiology, Rutgers University, The State 
University of New Jersey, New Brunswick, N. J 


In the search for host factors with significant influence on resistance and 
susceptibility, some attention must be given to the host’s ability to act as a 
selective agent controlling the establishment of specific genetic types of a 
given pathogen. It has been suspected for many years that only specific and 
highly virulent types of bacteria tend to propagate in susceptible hosts, whereas 
relatively avirulent types may persist in resistant hosts (Hadley, 1937; Braun, 
1953). With the rapid progress in the field of microbial genetics during recent 
years has come additional confirmation of the constant, spontaneous occurrence 
of antigenically altered mutants of different virulence in any microbial popula- 
tion of sufficient size. It has been demonstrated that such spontaneous mu- 
tants arise at rates that are typical and constant for a given strain, for example 
1 X 10-7 per generation, but whether such mutants will outgrow their parental 
type will depend upon the existing environmental conditions. Thus, geneti- 
cally altered cells of different virulence may arise either during the parasites’ 
propagation in vivo or they already may bé present within a genetically hetero- 
geneous population at the time of the invasion of the host. The question then 
arises: To what extent is the ability of the host to influence the subsequent 7 
vivo establishment of either highly virulent types or of less virulent types of a 
given pathogen causally related to its resistance or susceptibility? 

As we shall see, we still are far from a satisfactory answer to this question. 
Quite a number of cases of striking correlations between selective effects and 
host resistance or susceptibility are known, however. These cases have en- 
couraged, and continue to encourage, inquiries into the causal relationships 
involved, and they suggest the possibility of modifying such selective effects 
for therapeutic purposes. 

I wish to cite briefly 2 examples to illustrate some of the observed relation- 
ships between selective effects and host susceptibility. First, let me cite the 
following example from our past work with Brucella suis (Kraft and Braun, 
1952): After infection of susceptible hosts, such as guinea pigs, with a mixture 
of virulent S cells and relatively avirulent non-S cells, a rapid selection of 
virulent S cells occurs (TABLE 1). In contrast, infection of more resistant 
chicks with a comparable mixture of S and non-S cells results in a selective 
establishment of the less virulent non-S type (TABLE 1). A second example of 
relationships between selective effects and susceptibility is provided by studies 
on the increased virulence of Salmonella typhimurium in guinea pigs treated 
with threonine (Page, Goodlow, and Braun, 1951). Whenever the animals 
received an injection of 50 mg. of pi-threonine at the time of infection with a 
lethal dose of S. typhimurium, they died far more rapidly than similarly infected 
but untreated animals. It could be shown that this effect was due to the fact 
that the inoculum contained both threonine-susceptible Salmonella cells of 
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TABLE 1 
ComPARISON BETWEEN SELECTIVE EFFEcTs IN CHICKS AND GUINEA Pics INOCULATED WITH 
S, M, anp R Morants oF Brucetba suis. NuMBER OF CELLS INOCULATED 
INTRAPERITONEALLY INTO EAcuH ANIMAL: 2 X 109 


Inoculum: 51% M + 49% S Inoculum: 48% R + 52% S 
Host % M recovered from spleens of individual % R Srgeanils pee get of 
animals after 1 week individual animals after 1 week 
Chick ae Hace Howe 99 93 32 66 98 92 
Guinea pig... ... <0.01 <0.01 <0.01 <0.1 <1 <0.01 


moderate virulence plus a few more threonine-resistant cells of far greater 
virulence. The 2 types were distinguishable by striking differences in their 
colonial morphology. In the threonine-treated animals, the more threonine- 
resistant, more virulent type established itself selectively, causing early death, 
whereas in untreated animals the propagation of the less virulent, threonine- 
susceptible type was favored. 

Incidentally, these virulence-modifying effects of the amino acid were absent 
when threonine was injected into animals that had been infected with a homo- 
geneous Salmonella population consisting of threonine-susceptible cells only. 
This phenomenon can be explained on the basis that there is insufficient time 
prior to death caused by the less virulent type to permit the selective establish- 
ment of the more threonine-resistant, more virulent cell type that arises at a 
relatively low rate (1 X 10-°). If a few cells of the latter type are initially 
present, however, they will be selected immediately after infection of threo- 
nine-treated animals. These observations provide a striking parallel to earlier 
findings of Schneider (1946) regarding the necessity of a heterogeneous parasite 
population for the production of nutritional modifications of the susceptibility 
of mice to salmonellosis. The observations on the selective effects of threonine 
also suggest that normally existing or nutritionally modified differences in the 
amino-acid levels of tissues might affect the susceptibility of the host. It ap- 
pears entirely possible that many previously observed effects of nutrition on 
susceptibility (Clark, 1950) might involve similar selective effects of the host 
upon a heterogeneous parasite population. 

Virulence-enhancing effects also have been observed with another amino 
acid, namely D-alanine, in subsequent im vivo studies with Brucella species 
(Mika, Goodlow, and Braun, 1952). The repeated administration of alanine 
to guinea pigs infected with 1 I.D.5 of S Brucella abortus cells resulted in a sig- 
nificantly higher infection ratio. Tests on the cells recovered from these 
animals showed that the increased virulence was associated with the estab- 
lishment of more alanine-resistant, more virulent S mutants im vivo. 

In all of the previous examples, artificially modified selection in vivo had 
resulted only in the establishment of mutant cells with greater virulence. It was 
hoped that a better understanding of the nature and mode of action of the 
factors controlling population changes towards avirulence in vitro may even- 
tually permit controlling the establishment of Jess virulent types in vivo. 
Considerable information on such in vitro factors has been collected in recent 
years, a good deal of it in studies with Brucella species that were carried out in 
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collaboration with my former associates Goodlow and Mika. Most of the 
accumulated data have been the subject of extended discussions elsewhere 
(Braun, 1952; 1953). Let us merely recall here that it was demonstrated that 
population changes involving the establishment of non-S mutants in initially 
S cultures are promoted by the accumulation of particular amino acids in the 
culture medium. These amino acids accumulate as end products of the cells’ 
metabolism, and high levels of certain amino acids, especially D-alanine, were 
found to inhibit the growth of the parental S-type cells without interfering with 
the propagation of spontaneously arising less-virulent non-S mutants. Similar 
inhibitory effects of accumulating amino acids, giving rise to population 
changes, were noted in studies with a variety of bacterial species. The nature 
of the inhibition was studied in detail only with Brucella species, however, where 
the results indicated that the inhibition of S cells by the metabolic product 
alanine involves an interference with pantothenic acid synthesis (Mika et al., 
1954). Later data have suggested that these inhibitory effects, and thus the 
associated population changes, are greatly dependent upon oxygen tension 
(Braun ef al. 1956; R. Altenbern). 

One phenomenon observed in these im vitro studies should be cited here in 
more detail because it illustrates how specific nutrient substrates of the parasite 
may influence the subsequent selective establishment of specific mutant types. 
It was found that when D-asparagine is the sole nitrogen source in initially 
S Brucella suis broth cultures, alanine accumulates in the medium and favors 
the establishment of more alanine-resistant, spontaneously arising R mutants 
(TABLE 2). When L-asparagine is used as a nitrogen source in the culture me- 
dium, however, valine and not alanine accumulates and favors the establish- 
ment of valine-resistant M mutants (TABLE 2). The implications of such ob- 
servations for the possible influence of specific host and tissue factors on the 
selective establishment of specific mutant types of pathogens should be ap- 
parent without further discussion. 

At this point it was tempting to speculate that the information on selective 
effects of naturally occurring compounds might be applicable to bacterial 
population events im vivo, that is, to population changes that may occur follow- 
ing the penetration of the parasites through the initial host defenses. Subse- 
quent investigations with experimentally infected animals (Braun ef al. 1951; 
Mika, Goodlow, and Braun, 1952; Simon, Redfearn, and Berman, 1955) re- 
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vealed that the information on selective effects of amino acids observed in 
test-tube cultures, that is, in a closed system, cannot be applied readily to 
population changes im vive. The simple reason for this difference is the fact 
that the in vivo environment more nearly represents an open system rather than 
a closed system, preventing the necessary accumulation of high amino-acid 
levels. Thus non-S types of Brucella do not tend to establish themselves in 
most tissues of guinea pigs after prolonged infection with S-type cells. It 
was noted, however, and confirmed in concurrent studies by Jones and Berman 
(1951), that less virulent non-S types of Brucella can be recovered from closed 
abcesses of guinea pigs infected with S cells. The amino-acid levels in these 
abcesses proved to be high and thus may represent the exceptional closed in 
vivo environment in which selective effects comparable to those noted in test- 
tube cultures can take place. 

Several years ago we described a selective serum factor, the SS factor (Braun, 
1949), that was strikingly correlated with host resistance and susceptibility to 
brucellosis. Population changes from S to non-S occurred in broth cultures in 
the presence of serum or of serum globulins from resistant hosts, but such 
population changes involving the establishment of less virulent cell types were 
suppressed in the presence of serum from susceptible hosts. The subsequent 
elucidation of factors controlling population changes revealed that this serum 
factor exerts its effect through its influence on the rate of accumulation of 
alanine in the culture medium. Since, as just mentioned, these selective amino- 
acid effects appear to play a major role only in a closed environment, it has 
become obvious that the SS factor has little or no causal relationship to natural 
resistance or susceptibility. This selective serum factor now must be placed 
into the steadily increasing category of host factors that merely are curiously 
correlated with different states of susceptibility. 

An entirely different selective factor capable of promoting the establishment 
of virulent types in initially avirulent bacterial populations has been recognized 
in recent in vitro studies. It was found that a breakdown product of bacterial 
desoxyribonucleic acid (DNA), obtained after exposure of DNA to the enzyme 
desoxyribonuclease (DNase), will kill relatively avirulent cells without in- 
hibiting the propagation of virulent cells (Braun and Whallon, 1954). Thus, 
DNA + DNase added to initially non-S cultures of Brucella species will pro- 
mote the rapid establishment of spontaneously arising virulent S mutants 
(TABLE 3). Actually, this selective activity is not associated with the initial 
breakdown product of DNA that is obtained after exposure to the depolymeriz- 
ing enzyme DNase but, as determined with the help of filtrates from supple- 
mented S cultures, the active component results from the action of S cells 
upon this initial DNA breakdown product. Thus avirulent non-S cells are 
not inhibited by DNA + DNase until a few S cells occur spontaneously in the 
growing population, or until a filtrate from S cultures exposed to DNA + 
DNase is added (TABLE 4). This phenomenon has permitted the consistent 
duplication in vitro of the type of bacterial population change that character- 
istically occurs within susceptible hosts, namely, from non-S (avirulent) to S 
(virulent). The effects of this selective factor have been identical regardless 
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of whether the DNA added to the cultures was isolated from S or non-S Brucella 
cells, from Escherichia coli cells, or from pneumococcus cells. Also, this selec- 
tive effect of a DNA breakdown product favoring the multiplication of the 
virulent cell types apparently is not restricted to Brucella cells. Comparable 
effects have been obtained with pneumococcus cultures containing initially 
99.9 per cent R and 0.1 per cent S cells (W. Firshein). Under the influence of 
the DNA breakdown product such cultures changed to 95 per cent S and 5 per 
cent R within 24 to 48 hours (TABLE 5). Thus both in Brucella and pneumo- 
coccus cultures the newly discovered factor selectively favors the establish- 


TABLE 3 
Tue Errects or DNA, DNasr, anp DNA + DNase vpon PopuLATION CHANGES OF 
IniTIALLY M Cuttures OF BRUCELLA ABORTUS GROWN IN 
BurrerRED BrEF-ExTRACT BROTH 


Extent of population changes after 
Medium 
5 days 9 days 
Control .75. BIA erates eee <1%S <1%S 
DNaseit/Sisy/mle, oxioatae ieee eee 2% S 4% S 
DNA (150 y/ml.)...... eR Naat Sos sate soe 3% S 6% S 
DNA*--" DNase Ves accrue ss acres celta rare 33% S 60% S 


TABLE 4 
Tue Errects OF FILTRATES FROM 48-Hour-Oxp S CULTURES, WITH OR witHoutT DNA + 
DNAsE, UPON PopuULATION CHANGES OF INITIALLY M CULTURES OF BRUCELLA 
ABORTUS GROWN IN BUFFERED BEEF-EXTRACT BROTH 


Added to medium: Lsteede doe “ele 
Biltrate fromyS (cultures... 5 .srisgasais oe stole gee eee tnae tere <1%S 
Filtrate supplemented with DNA + DNase after filtration . .. 3% S 
Filtrate from S cultures grown in presence of DNA + DNase. . 41% 8 
Controls. \sj:% aatist steal lc Sele Sennen te Gara ae nee tort ee eres <1% S) 
TABLE 5 


Tue Errects oF BREAKDOWN Propucts OF DNA ON PopuLATION CHANGES OF 
PNeEvuMOococcus CULTURES IN BRAIN-HEART INFUSION BROTH 


Inoculum: 99% R, 1% S (A 66) 


Medium Per cent S after 48 hours 
Controls 5 e555 LL teks Sal er eee 5) 
DNA (Pneumococcus) -+ DNase*?.). ..0 one einem aeteete 95 
DNA( Brucella) 4- DNase. 22. act etiatee o coneeen eae 90 
6-furfurylaminopurine, 0.03 y/ml..............0s+eeseeeeeees 65 
6-furfurylaminopurine, 1 ~/ml). . 7 -jsa-e ace eeenrrene 12 
O-furfurylaminopurine, 3y/mlio, 7... s. ence eel nee rf 
Autoclaved deoxyadenosine, 250 -y/ml..............0++eseeee 35 
Unautoclaved deoxyadenosine, 250 y/ml................e000: 0 


* 150 y/ml. + 75 y/ml. 
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ment of virulent cell types, even though in 1 case (Brucella) the virulent 
cells are characterized by the presence of a protein surface antigen and in the 
other case (pneumococcus) by the presence of a polysaccharide capsule. 

The active DNA breakdown product has proved to be relatively heat-stable 
and alcohol-precipitable. It is unaffected by high pH (10.2 for 48 hours) but it 
is affected by exposure to low pH (2.6 for 48 hours). Its activity could not be 
duplicated by any of the commercially available purines, pyrimidines, nucleo- 
tides, or nucleosides that have been tested. 

Within the last few months it has been possible to isolate from the sonic 
extract of Brucella cells (either S or non-S cells) an alcohol-precipitable, protein- 
containing fraction that specifically antagonizes the just-described selective 
effects of the DNA breakdown product. 

A compound with known chemical structure has been found that possesses 
selective activity similar to that obtained after addition of DNA + DNase 
to Brucella or pneumococcus cultures, and it also inhibits avirulent cells without 
affecting virulent cells, thus promoting population changes from non-S to S. 
The active compound is 6-furfurylaminopurine, also called kinetin, which re- 
cently has been shown by others (Miller e¢ a/., 1955) to enhance cell proliferation 
of plants when used in conjunction with 3-indoleacetic acid. Kinetin*, if used 
in sufficiently high dilutions, proved to be active both in the Brucella and 
pneumococcus systems (TABLES 5 and 6). It has been reported that kinetin 
can be obtained from deoxyadenosine after autoclaving at pH 4.0 for 30 min- 
utes (Hall and deRopp, 1955). As shown in TABLEs 5 and 6, autoclaved de- 
oxyadenosine does possess selective activity, whereas unautoclaved deoxyadeno- 
sine tends to counteract such effects. It still remains to be determined whether 
the selectively active product from bacterial DNA is identical with or similar to 
6-furfurylaminopurine, and whether such selective substances play any sig- 
nificant role in supporting the establishment of virulent cell types im vivo. The 


* Kindly supplied by E. R. Squibb and Sons, New York, N. Y. 
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TABLE 6 


Tue Errects oF BREAKDOWN Propucts or DNA ON PopuLATION CHANGES 
or BRUCELLA ABORTUS IN BUFFERED BrEF-ExTRACcT BROTH 


Inoculum: M cells 


Medium Per cent S after 12 days 
Controlsih: 2s ss cde 6 c/cb bei /ale Oe EE ce Soma wea ereetener etre ere 1 
6-turturylaminopurine; O/0\7y/ ml crn ciency yaleeeten ta eheds eae ali 40 
O-furfurylaminopiinine, Uy/ millenia eee on iataies as 15 
6-turfurylaminopurine, 10+ /ml. eee sieeesets sieievierin sie 1 
Autoclaved deoxyadenosine, 250 y/ml..............+-+eeeees 12 
Unautoclaved deoxyadenosine, 250 y/ml................+-055 0 
DNAs DNast 25 ch ta cicero one an nraeiate ester esr acre 60 


* 150 y/ml. + 75 y/ml. 


isolation of a bacterial cell fraction with antagonistic activity against the 
DNA + DNase effects has been mentioned above. It will be interesting to 
test whether this antagonist also might aid in preventing or retarding the 
establishment of virulent bacterial types in susceptible hosts. 

The foregoing data show that with the help of cellular products we now can 
control, to a considerable extent, in vitro population changes of certain bacterial 
pathogens either in the direction of increased or decreased virulence. ‘This 
means that we can supply environmental conditions that will selectively favor 
the establishment of either highly virulent mutants or of mutants with reduced 
virulence. Comparable selective effects probably occur in vivo. Thus, dif- 
ferent levels of amino acids shown to be capable of exerting selective effects 
upon bacterial populations in vilro may exist in different hosts and different 
tissues, and cellular destruction yielding breakdown products of DNA with 
selective activity probably can take place at sites of propagation of the parasite 
in vivo. It will require continued investigations, however, to determine more 
accurately the actual extent to which such selective effects of the host upon 
changes in the parasite population may contribute generally to the phenomena 
of resistance and susceptibility. 
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NONSPECIFIC DEFENSE REACTIONS IN 
BACTERIAL INFECTIONS 


By A. A. Miles 
The Lister Institute of Preventive Medicine, London, England 


Enhancement of Staphylococcal Lesions by Various Modifiers 


Shock. A few years ago, when working on shock in relation to local infec- 
tion of the skin,! Janet Niven and I made the unexpected observation that 
started the work presented here. We measured the change in infectivity of 
staphylococci in guinea pigs subjected to 2 to 3 hours of dehydration shock. 
In a typical experiment, a standard dose of staphylococci was injected into 
the skin of the subject every hour for 8 hours, and soon after the beginning 
of this period the animal was shocked with intraperitoneal hypertonic glucose. 
The infectivity of the cocci was estimated from the diameter of the lesion 
after 24 hours. The uniform final lesion diameters resulting from the hourly 
injections in control animals proved that the dose of cocci had remained con- 
stant throughout the experiment. In shocked animals the lesions initiated 
during shock were, after 24 hours, substantially larger and more severe than 
those in the controls. The increase in severity corresponded to a fiftyfold 
increase in the dose of cocci, and we attributed this enhancement of infection 
to a hypotensive ischemia of the skin during shock, with a consequent reduc- 
tion of the antibacterial substances, including leukocytes, arriving at the in- 
fective site from the blood. 

The unexpected observation was that lesions 1 to 2 hours old when shock 
began were insusceptible to enhancement, although at this stage they still 
had 20 hours of progressive development to pass through before attaining the 
maximum size and severity. 

Three inferences can be made from this experiment. First, since the shock 
enhanced the lesions fiftyfold, the defense mechanisms inhibited by the shock 
must, in the control animal, have led to the death or removal from the site of all 
but one fiftieth of the inoculum. Second, these particular defense mechanisms 
operated within the first 2 to 3 hours of the infection. Third, during this 
short period, the ultimate size of the lesion was determined to some extent. 

Adrenalin. Too much happens in shock for us to be certain that the local 
enhancement results solely from a peripheral ischemia. An analogous but 
entirely local effect can be produced by the injection of adrenalin at the site 
of infection. Two yg., in our standard injection volume of 0.1 ml., are suffi- 
cient for a local ischemia that lasts 1 to 2 hours and that, on passing off, leaves 
the tissues almost as resistant as they were before the injection.? This dose 
enhances Staphylococcus aureus, for example, about twelvefold (FIGURE 1). 
This enhancement is evident from the horizontal shift in the plot of mean 
lesion diameters against the logarithm of the dose of the cocci injected with 
and without adrenalin. When the adrenalin is injected into a series of estab- 
lished staphylococcal lesions aged 0, 1, 2, and up to 6 hours, only the 0-hour 
lesions are enhanced (FIGURE 2), and the final diameters of lesions more than 
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FicurE 1. The enhancement of Staphylococcus aureus infections in the skin by 2g. adrenalin. The dose of 
bacteria is plotted logarithmically, and the horizontal distance between the 2 response lines, measured at the 
10-mm, lesion diameter, is log 12. (In FIGURES 1 to 6, each point represents the mean of at least 4 lesions, each 
in 1 guinea pig. The lesion diameters are measured at 24 hours.) 
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Ficure 2. The decreasing susceptibility of Staphylococcus aureus lesions to enhancement by 2g. adrenalin, 
with increasing age of the infection. The adrenalin was “‘superinjected”’ through the needle puncture made when 
the bacteria were injected. Saline was superinjected into the control lesions. Decisive period about 1 hour. 
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1 hour old when the adrenalin was injected are no greater than the control 
lesion diameters. That is, as far as the defenses modifiable by local ischemia 
are concerned, the maximum development of the lesion is decided within the 
hour. 

Liquoid. Staphylococcal infection is also enhanced by the anticomple- 
mentary and anticoagulant compound sodium polyanethol sulphonate (Li- 
quoid). This is a much more brutal inhibitor of defenses than adrenalin 
because, in effective doses from 50 to 100 yg., its local enhancing activity is 
much greater and lasts, although with diminishing effect, from 4 to 5 hours. 
In 1 test, when Liquoid was injected together with the bacterial suspension, 
it enhanced activity two hundred and fortyfold (FIGURE 3). Nevertheless, 
susceptibility to enhancement diminishes with the age of the lesion, and Liquoid 
had substantially no action on 5-hour-old lesions (FIGURE 4). In these staphy- 
lococcal examples we have certain defense reactions that we can define as the 
reactions inhibited, respectively, by simple ischemia and by an anticomple- 
mentary substance. The value of these defenses in each case can be ex- 
pressed numerically as the inverse of the degree to which the modifying agents 
enhance the infection. Thus if Liquoid enhances one thousandfold in terms 
of the dose of bacteria that produces a standard effect, then the Liquoid-in- 
hibitable defenses are worth a thousandfold-kill to the animal. (It should 
be noted that Liquoid does not appear to enhance infection by inhibiting co- 
agulation in the tissues because heparin enhances few skin infections, and 
in anticoagulant doses equipotent with 50 yg. Liquoid, has less than one 
thirtieth of the inhibiting potency of Liquoid on complement, on the bacteri- 
cidal power of the blood, or on the chemotactism of microphages.) The de- 
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Ficure 3. The enhancement of Staphylococcus aureus infections by 50 Liquo Th 
tivity of the cocci (two hundred and fortyfold) is measured as in FIGURE 1. amar aa 
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_ Ficure 4. The decreasing susceptibility of Staphylococcus aureus lesions to enhancement by 100 ug. Liquoid» 
with increasing age of the infection (FIGURE 2). Decisive period 5 hours. 


fenses, moreover, act soon after the introduction of the infecting bacterium, 
and are effective only for a short period—tless than 4 hours—during which the 
ultimate size of the infective lesion is decided. 


The Numerical Value of Local Defenses Against Various Pathogens 


Generalizations about infective diseases from a study of a single example 
of them are notoriously risky and misleading, and we therefore set out to dis- 
cover the efficacy of these reactions in different kinds of infection, and whether, 
as with staphylococci, these reactions occur within a short decisive period. 
We used 9 different species of bacteria, including Staphylococcus aureus. They 
were chosen, first, not because they were natural pathogens, but primarily 
because in reasonable doses they would produce measurable skin lesions whose 
maximum diameters, when plotted against the logarithm of the dose, yielded 
dosage-response curves such as those shown in FIGURES 1 and 3. They were 
chosen, in the second place, to represent as wide a variety as possible of patho- 
genic species. Not all the bacteria yielded linear responses, and the dose- 
response lines in control and test series were not always parallel. For numerical 
estimates of change in infectivity, we worked, therefore, with doses produc- 
ing mature lesions within the 7 to 12 mm. range, and made our comparisons 
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at the 10 mm. level of response. For the most part, however, over a thousand- 
fold or more dose range, the parallelism and linearity were good enough to 
justify generalizing about the numerical estimates of defensive value made 
at the 10-mm. level. 

Some of the 9 pathogens were gram-positive, some gram-negative (TABLE 1). 
The skin virulence, in terms of numbers of washed viable organisms producing 
a 10-mm. lesion, was relatively high in Listeria monocytogenes and the 2 
corynebacteria, moderate in the Streplococcus, the Staphylococcus and Pseudo- 
monas pyocyanea, and low in the Clostridium welchii, Escherichia coli and Pro- 
teus vulgaris. Excepting the corynebacteria, which eventually killed the 
guinea pigs by intoxication, none of the bacteria produced generalized infec- 
tions in the doses employed. We were therefore exploring defenses sufficient 
to prevent generalized disease but insufficient to stop the local development 
of inflammatory and sometimes necrotic lesions that in all cases reached a 
maximum size in from 24 to 36 hours and then slowly regressed. Enhance- 


TABLE 1 
Bacterium E.D.10 
wirep pyogenes: Croup Cio areas oi. /0i-1s aekaes eae liter eee ey 2 X 108 
EGP Re GUPCUS sleidc tyaunitinss &ivahe oss, Costa AIA RETR RCTS ae a 2 X 10° 
Crdiphiheriae(anitts) aoe es. saunter cee oe ree Oeil 
GiO0tS AR Eee cies ces oe rn KG ee oe RYO OTe a ene Renee ets Ie LOS 
Ts MOMOCYLOLENES «5 Reece otto. 4, Roba Ale Me Tom oo eel OS 
CU Wel Clit. eras shapes cc Rie Roath cane. RIES «eater eee aioe ere 3X, 107 
TEE GOVE staberaia. «iss Ses tab, paroprnest ice. 1a et hee Spake ere emo aS 10? 
PHD BONS soa .3 8 endise ante eink Rei RE Oe ee 5 X 108 
IPSs PYOCVOMEN. aes se wha fers is se akaass] iene aie nara aca ete a L)S 


The pathogens used to test the local-skin defenses of the guinea pig. The E.D.10 (effective dose) is the ap- 
Poem number of washed viable bacteria in a 0.1-ml. injection volume producing final lesion diameters of 
mm, 


TABLE 2 
Defenses inhibited by 
Infecting agent Adrenalin Liquoid Shock 
DP DP es 

P (hrs.) P (hrs.) P (hrs.) 
Strep. pyogenes Group C........ 0.1 4 0.006 2 *Mod 2 
DID hs GUUS ane eee 0.1 2 0.005 4 Small 4 
C. diphtheriae (mitis)............ 0.1 4 Ont 4 (-ve) t re 
Cy, 08S: stare skeet Gish eee 0.5 rae aN 3 Large 3 
LD. monocytogenes. ......0esc000s 0.4 2 0.05 i! Mod. 5 
Cl. welchte.” Farm cm cme seicnte tes 0.00001 3 0.025 3 Mod. 3 
E. coli. . dis sioiaroste Secs topar ena 0.0001 1 0.12 1 Mod. 4 
Pp oul ares Wee feck ee ee 0.001 1 0.0006 5 (-ve) ras 
LS; PyoCyaneda. ne ee ee 0.01 2 0.0001 3 Small 3 


The oe power of infected skin evaluated as the estimated proportion of the inoculum (P) destroyed 5 
the defenses that are inhibited by 2 ug. local adrenalin, 50 to 100 yg. local Liquoid, and 2 to 3 hours dehydration 
snore nd the bial period (DP) in hours during which these deleniss operate. 

od. = moderate, 


t This symbol (-ve) = infection depressed by shock. 
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ment, and the time relations of susceptibility to enhancement, by adrenalin, 
Liquoid, and dehydration shock were determined by the method already de- 
scribed for Staphylococcus aureus and, as before, the enhancement by adrenalin 
and Liquoid is translated into the proportion (P) of the original inoculum that 
apparently survives the defenses inhibited by these 2 modifiers (TABLE 2). 
That is, an x-fold enhancement is entered as the survival in the unmodified 
infection of only one xth part of the inoculum. Corynebacterium ovis and Lis- 
teria monocytogenes survive adrenalin-inhibitable defenses rather well, but even 
so their infectivity is reduced by 50 and 60 per cent, and the survival of the re- 
mainder is smaller, ranging from 1 in 10 to 1 in 100,000. Liquoid-inhibitable 
defenses, as we might expect of reactions defined by a more brutal inhibitor, 
are generally more effective. The shock-inhibitable defenses were not meas- 
ured with any precision, but ranged from about 0.1 (moderate) to 0.0005 
(small). 


The Decisive Period in Defense 


Whatever their magnitude, however, the defenses explored in this way are 
far from negligible and, without exception, they operate within 5 hours of the 
introduction of the bacteria. The decisive periods cited in TABLE 2 are maxi- 
mum periods, found as the result of at least 2 and, in many cases, 3 or 4 de- 
terminations, in each of which the mean diameters were obtained from 4 to 8 
replicate lesions in a total of 4 to 6 animals. Twenty-three of the 25 estimates 
are 4 hours or less, and the general average for the decisive period is 2.8 hours. 
The shock technique, it should be noted, was not applicable to Corynebacterium 
diphtheriae and Proteus vulgaris, because shock substantially decreased the 
lesion sizes in both infections, a phenomenon we are not yet able to explain 
but that nevertheless serves as a useful warning against generalization about 
these effects. 

These are results with local skin lesions. It also can be shown that these 
early reactions may be decisive for more remote systemic consequences of loca] 
infection. For example, my colleague A. C. Dutton’ infected mice with sub- 
cutaneous doses of the Group C Streptococcus that killed in about 5 days. 
The death rates in batches of 10 mice were greatly increased when adrenalin 
or Liquoid was injected into the same site immediately after the cocci, but 
were like those of the control animals when the drugs were injected into sub- 
cutaneous lesions 4 hours old. 

I want to stress that these defenses, judged by the period of maximum 
susceptibility to enhancement were, on the whole, most effective during the 
first 90 minutes of infection, and declined steadily in efficacy to the end of 
the decisive period. Their widely varying effect on the 9 different pathogens 
may well express basic differences in the type of infection. The important 
common feature, however, is the consistent limitation of the decisive period 
to the first few hours. It may be objected that the definition of the period is 
artificial and its significance dubious, because larger doses of the modifiers, 
or other more powerful modifiers, might enhance infections more than 4 hours 
old, as indeed sometimes happens. The objection, however, is not relevant 
to the argument because the quite substantial defensive value of the reactions 
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I am discussing was determined by the same concentration of modifier as that 
used to establish the decisive period itself. 

The relation of these early defenses to natural nonspecific resistance is clear 
enough. ‘These defenses appear, in fact, to be nonspecific. They act on bac- 
teria introduced into tissues immediately beneath the epithelium, that is to 
say, on pathogens in a situation analogous to the primary lodgment of a natural 
infection of the animal through some breach in its epithelial surface. They 
are obviously capable of diminishing the infectivity of recently introduced 
bacteria to an extent that, were they acting on a natural invader, the primary 
lodgment would be made much less dangerous and, in many cases, diminished 
even to the point where it would be unable to produce even a local infection. 
It is indeed probable that some experimentally observed changes in resistance, 
supposed to be due to effects that are sustained throughout the course of the 
infection, are due solely to modifications at the primary lodgment of the 
infecting dose. 

None of the pathogens we used had the startling virulence we find in some 
laboratory infections, where 5 to 10 bacteria are ultimately fatal. But nature, 
if we are to judge by morbidity and case-fatality rates, seldom works with 
100 per cent infecting or 100 per cent killing doses. Only in raging epidemics 
of diseases such as plague or cholera, or in sporadic diseases such as glanders 
or rabies, is the body attacked by an L.D.1009. The attack is usually made 
with doses that prove to be well below the I.D.29 infectious dose and the L.D..» . 
For this reason we feel justified in regarding these moderate experimental 
pathogens as not-too-remote models of the natural bacterial hazards to which 
a healthy animal is subjected. 


The Decisive Period in Relation to Antibiotic Therapy 


Before leaving the decisive period, the point is worth noting that it turns 
up in another, perhaps more familiar, context. Penicillin and streptomycin 
were given in single intravenous or intraperitoneal doses that diminished in- 
fections to about the same degree that these infections were enhanced by the 
standard doses of adrenalin and Liquoid (since the tests were finished in 24 
hours, the delayed toxicity of penicillin for the guinea pig can be ignored). 
Thus a single intravenous dose of 12,000 units of streptomycin per kg. dimin- 
ishes the infectivity of contemporaneously injected Pseudomonas pyocyanea 
about forty-fivefold (r1curRE 5). In this instance the comparison is made 
at the 7.5 mm. lesion diameter. When the intravenous dose of streptomycin 
is given to an animal bearing Ps. pyocyanea lesions that are 4, 3, 2, 1, and 0 
hours old (r1GURE 6), however, only the 0-hour lesions display the same sus- 
ceptibility. One-hour and 2-hour lesions are slightly larger, but the bacteria 
appear to be wholly insusceptible in the lesions that are 3 hours old when the 
drug is given. General experience of chemotherapy would lead us to expect 
that the older the infection, the less effective the drug. It is striking, never- 
theless (TABLE 3), that with the single exception of the continuing susceptibility 
of the streptococcal infection for 8 hours and more, the decisive period in all 
the infections susceptible to the dose of antibiotic employed was usually 3 
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_ Ficure 5. The forty-fivefold suppression of Pseudomonas pyocyanea infection by the contemporaneous 
intravenous injection of 12,000 units of streptomycin per kg., compared with infections in untreated animals. 
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Ficure 6. The decreasing susceptibility of Pseudomonas pyocyanea to a single intravenous injection of 12,000 
units streptomycin per kg., with increasing age of the infection, compared with lesions in untreated control ani- 
mals. Decisive period 3 hours. 
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TABLE 3 
Bacteria inhibited by 
Infecting agent Penicillin Streptomycin 
i2 DP (hrs.) 1 DP (hrs.) 
Strep. pyogenes Group Coes. ee erie tere tein lel 0.1 3 0.02 >8 
Staph= Gur eus ..«: 5 sctaemain teeter 0.07 3 0.004 5 
Cu dephihertaé (tts). cates oni setae 0.05 3 0.01 4 
Coons his. SR Oe ee eee 0.007 0.005 5 
ES MOmOcylo genes ae aa sak sis seat ieee ieee ee = = 
Che Welentt 5 votoassraisin seit esesei so bse ae eee 0.1 3 — 
DOR fe aS Re RE OE Oss, © OI LOe = 0.1 3 
PR VAL IS pane Oe es HOC e COO MET a a | = 0.01 3 
PSepyOCNGMED Te. Nee ce ok is oe ee Te ICT —— 0.02 3 


The depression of skin infectivity of various pathogens by a single intravenous injection of 10,000 units peni- 
cillin G/kg. and 12,000 units streptomycin/kg., evaluated as the estimated proportion of the inoculum (P) sur- 
viving the bactericidal effect of the antibiotic, and the decisive period (DP) in hours during which the infections 
are a es circulating drugs. The negative sign indicates infections not modifiable by the antibiotics 
in the doses used. 


hours and never more than 5 hours. It is also striking that the bacteria in 
the lesion should be so completely insusceptible, in spite of the fact, described 
later, that the blood flow through the vascular bed in the lesion is quite unim- 
paired at this stage. These antibiotic observations are relevant chiefly as 
additional evidence that blood-borne modifiers that in this case are small- 
molecular and readily diffusible apparently do not affect the primary lodgment 
after 4 hours. 


The Sequence of Early Inflammatory Events in Bacterial Lesions 


At the end of the decisive period, the defenses appear to have been mobilized, 
and the battlefield limited thereby to a determined region. In contending 
that the outcome is determined, I do not imply that the battle is over, because 
a region that at 4 hours is mildly hyperemic in the next 20 hours becomes 
highly indurated and even necrotic. Nor do I contend that other events in 
the tissues could not modify the outcome after 4 hours, but such events would 
be of a different kind from the minimal modifications that we have imposed 
on the lesions, and would presumably act upon a different complex of defenses. 

The next problem found in these indubitable early defenses is their relation 
to the classical tissue reactions during infection. The local bactericidal powers 
may reside wholly in the tissues, they may be activated by substances from 
the blood, or they may be blood elements that arrive at the primary lodgment 
as a result of tissue reactions induced by the infecting agent. The defensive 
significance of the various inflammatory phenomena, and of proven bactericidal 
elements of the blood, both humoral and cellular, are commonplaces in our 
textbooks of pathology. As with many other commonplaces, however, the 
truth of some of them has been established largely by repetition, and the 
truth of others is often established by appeal to a rather shaky principle, 
namely, that if a reaction is associated with successful defense, it is probably 
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defensive. The vascular changes of inflammation—vasodilatation, increased 
stickiness of the capillary endothelium, increased permeability of the capillary 
wall to large molecules, and diapedesis of leukocytes—can certainly be induced 
at speeds that qualify them as participants in early defense. When care is 
taken to introduce bacterial pathogens so well washed that their immediate 
irritant effect is reduced to a minimum, however, the classical process of 
inflammation is found to start some time after the early defenses have come 
into play. J. F. Burke and I‘ have explored the state of tissues infected by 
this method with respect to 5 characters determined in lesions of ages ranging 
from 0 to 5 hours or more. These are as follows: 

(1) Increased capillary permeability, indicated by the exudation from the 
blood of the vital dye pontamine blue. This is observed directly in the skin 
of the living animal and recorded as lesion diameter.® 

(2) Increased stickiness of the capillary endothelium, indicated by the ad- 
herence of circulating saccharated iron oxide to the inner walls of the blood 
vessels. For this purpose the animal is killed 1 hour after intravenous in- 
jection of the oxide,® and the iron converted to a visible Prussian blue by 
treatment of the skin with acid ferrocyanide. The diameter of the blued area 
is recorded. 

(3) Diapedesis of leukocytes, indicated by the degree of tissue leukocytosis 
in stained sections. 

(4) Thrombosis of the blood vessels, indicated by the interruption of the 
fine vascular plexus that is revealed in normal skin by the intra-arterial in- 
jection of India ink® at a pressure similar to that in the large vessels of the 
animal. 

(5) Thrombosis of lymphatic vessels, indicated by interruption of the lym- 
phatic plexus, revealed by intralymphatic India ink. Technical difficulties 
and the peculiarities of the lymphatic plexus precluded our examining the 
skin of the trunk in this way, and these tests were made on analogous lesions 
in the skin of the ear, where the plexus is readily demonstrable by microinjec- 
tion.” 

In many respects, the 9 test infections responded alike to these 5 tests. 

It is convenient to deal first with the tests of blood and lymphatic vessels. 
The results with all the 9 pathogens were entirely negative up to the fifth hour. 
In the skin of the trunk, bearing lesions that in 24 hours become highly in- 
durated and often necrotic infections 7 to 10 mm. in diameter, there was no 
interruption whatsoever of the blood vascular bed, either during its filling 
with ink in the living animal, or detectable by low-power microscopy of in- 
jected, fixed, and cleared preparations of the whole lesion. In the ear, infec- 
tions were initiated in the fine anastomotic lymphatic plexus near the marginal 
veins by doses of bacteria that would produce 4 to 6 mm. indurated lesions in 
24 hours. In all cases the infected plexus filled exactly as a normal plexus 
does, provided the lesions were not more than 5 hours old. After 5 hours, 
occlusion occurred in both blood and lymphatic vessels at the center of the 
lesions destined to become necrotic in 24 hours. 

All the pathogens induced an immediate increase in permeability and sticki- 
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FicurE 7. The vascular permeability to circulating pontamine blue (continuous line), the stickiness of the 
vascular endothelium for circulating saccharated iron oxide (dotted line) and the degree of tissue leukocytosis 
(PMN) in Listeria monocytogenes lesions of various ages. A, B,C and D represent the secondary permeability 
peaks and the final lesion diameters with 4 decreasing doses of the bacteria. The curves with Corynebacterium 
diphtheriae were similar. 


ness that disappeared during the first hour. All induced a substantial sec- 
ondary rise in these 2 qualities, starting after the second hour, attaining its 
maximum in the third to the fourth hour, and declining again by the fifth hour. 
Tissue leukocytosis usually began around the larger vessels lying on the pan- 
niculus carnosus toward the end of the first hour, became generalized in 3 to 
4 hours, and increased steadily to the sixth hour. With Corynebacterium 
diphtheriae and Listeria monocytogenes, the secondary rise was pronounced 
only with initial doses that produced relatively large lesions at 24 hours. 
Thus with L. monocytogenes the dose producing the insignificant rise depicted 
in curve D of FicuRE 7 produced a 6 mm. lesion at 24 hours. A pronounced 
rise occurred after larger doses (curves A, B and C). In each case the final 
lesion diameter was from 2 to 2.5 times that indicated by maximum dye exu- 
dation at 3.5 hours. With Proteus vulgaris, the secondary increase in perme- 
ability was large, but here the final lesion diameter from graded doses of bac- 
teria was consistently smaller than that of the dye exudation at 3.5 hours, the 
ratio of early to late diameters being about 10:7. 


The Decisive Period in Relation to Changes in Vascular Permeability 


The other 6 infections were alike in their vascular history, which is sum- 
marized schematically in FIGURE 8. Here the curves for stickiness are omitted, 
since they closely follow those for increased permeability. The secondary rise 
and fall in permeability is of particular interest, because its maximum diameter 


Miles: Nonspecific Defense Reactions 367 


in all 6 infections was about equal to the maximum induration displayed at 
24 hours in FIGURE 8. Moreover, when the inoculum was smaller than that 
exemplified, the curve fell to zero at the fifth hour, and the final lesion had no 
necrotic center. With the larger inocula, the area of increased permeability 
had contracted by the fifth hour to a constant diameter that in each case 
proved to be about equal to the diameter of the central necrotic region at 24 
hours. With all 9 pathogens, therefore, the physiopathological history of the 
vascular system indicates a decisive period similar to that inferred from a study 
of infectivity. Thus the final region of maximum induration can be pre- 
dicted from the permeability state of the blood vessels at 314 hours, and the 
region of the tissues destined to become necrotic is that in which at 4 to 5 
hours the vessels have been so damaged that they can no longer recover their 
normal low permeability to the dye. The ratio of the lesion-diameter of early 
permeability change to that of final induration and necrosis was consistently 
about unity in 6 infections and, as already noted, was about 10:7 with Proteus 
vulgaris and 1:2.5 with Corynebacterium diphtheriae and Listeria monocyto- 
genes. 

Vascular thrombosis, as such, plays no part in this determination of lesion 
size, since none occurred until the sixth hour, and then only at the center of the 
lesions. The rising curves for thrombosis and induration in FIGURE 8 are to 
be regarded as rough indications only, since lesions from 6 to 20 hours old were 
not studied in any detail. 
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Ficure 8. Synoptic history of vascular reactions to the primary lodgment of bacteria, common to infec- 
tions with "Tas deer ca pyogenes, Staphylococcus aureus, Corynebacterium ovis, Clostridium welchii, Escherichia 


coli and Pseudomonas pyocyanea. Increase of vascular permeability, induration, thrombosis of blood and lym- 
phatic vessels, and final induration (7) and necrosis (4) in lesions of various ages are indicated by lesion diame- 


ter. No ordinates are given for tissue leukocytosis, and the top of the “‘leukocytes’’ curve corresponds to maxi- 
mum leukocytosis. P is an average curve of the estimated proportion of the inoculum surviving the tissue 


defenses (TABLE 2), in terms of unity, the dose of bacteria inoculated. 
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The Relation of Antibacterial Defenses to the Inflammatory Sequence 


The secondary increase in permeability is accompanied by diapedesis. We 
are not yet sure whether diapedesis continues after the secondary decrease in 
permeability. If so, we may have to revise the common view that increased 
permeability is a necessary condition for diapedesis. A little more can be said 
about the primary and secondary peaks. The first resembles the permeability 
change induced by single local injections of histamine, histamine liberators,*® 
and serum permeability factors. The increase is small with well-washed 
bacterial suspensions, and large with less well-washed ones, and may therefore 
be due to small-molecular products from the culture adsorbed to the bacterial 
surface. It may indeed be wholly artificial, a consequence of using a sub- 
stantial volume of a suspension as inoculum, and due to circumstances perhaps 
far removed from those of a natural primary lodgment. The second peak, in 
its magnitude and time relations, resembles the rise and fall that J. M. Elder 
and I® found to be induced by certain clostridial exotoxins, and may represent 
the point at which the surviving bacteria of the primary lodgment begin to 
multiply or, perhaps, begin to release toxic endosubstances. The noteworthy 
fact about both peaks is the subsequent restoration of normally low capillary 
permeability. There is a similar restoration after local injections of histamine 
and related permeability factors, and this restoration is associated with in- 
creased resistance to further action of permeability-inducing substances.’ If 
the decrease in permeability at the fifth hour proves also to be associated with 
an increased resistance of the endothelium to permeability factors, in this case 
the presumably continuing intoxication by the invading pathogen, and if 
permeability increase has, in fact, a defensive value, it is possible that the out- 
come of the infection may be decided at the fifth hour because the blood ves- 
sels have become incapable of any further reaction of this kind. 

The outstanding feature of the synoptic history of the infective lesion in 
FIGURE 8 is the association of maximum killing or removal of the primary lodg- 
ment (the curve P indicates the estimated surviving proportion of an average 
inoculum) with nothing more than a temporary increase in vascular per- 
meability that occurs in only a small central portion of the area that ultimately 
will become the mature infective lesion. This increase, moreover, as we have 
seen, may be the unavoidable consequence of the experimental technique and 
without a parallel in natural infections. The outstanding defect of this synop- 
tic history is the deduction of the P curve by an indirect argument from inhibi- 
tion of defense reactions, and not from viable counts of survivors. There are 
many unsolved technical problems about making such counts in skin lesions 
that are too numerous to discuss here, although the few successful counts we 
have made are consistent with the killing curve that I have drawn. If the 
indirect argument is accepted, however, we must conclude that the substantial 
defenses of the decisive period are either inherent in the tissues or result from a 
temporary flow of humoral factors from the blood. 

The pin-pointing of these factors is not easy. The exudation of plasma 
bactericidins is not the complete answer. It is indeed difficult to prove that 
any form of exudation is beneficial, because the results of artificial stimulation 
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of exudate on local infection are very equivocal and vary widely with the 
infecting bacterium. The biochemical and physicochemical circumstances of 
the primary lodgment, as well as the antibacterial properties of the tissues 
themselves, clearly demand investigation. The possibility that the early kill 
is in fact rapid removal of the bacteria from the infected site? cannot be dis- 
missed, although viable counts suggest that the proportion of bacteria removed 
in this way is not great. On the other hand, the in vitro bactericidal power of 
fresh skin tissues has so far proved negligible. 


Conclusions 


These are some of the problems arising from the discrepancy between the 
sequence of the classical inflammatory reactions and the reactions in terms of 
which I have defined a decisive period in the history of the primary lodgment. 
That some such events must take place has for a long time been implicit in 
what is known of experimental infections. Nevertheless, if my interpretation 
of the time-course of enhancement is correct, I think that our observations add 
something to the general biology of early infection and defense. 

First, these observations indicate a means of giving a numerical value to the 
early defenses and of assaying the effect of modifiers. 

Second, these data show that the investigation of the infections mentioned 
and their experimental modification can be limited to local lesions during their 
first 3 hours of life. It is thus possible to make not only a topographical but a 
functional distinction between, on the one hand, the reactions that determine 
whether a pathogen shall get a lodgment in the body and, on the other hand, 
the reactions that determine the fate of an already established infection. 

Third, the facts reported here define a stage in defense that fairly can be 
called nonspecific, a stage where nonspecific resistance can be investigated, un- 
complicated by any consideration of antibody immunity. 

Fourth, this report may perhaps provide a model for the investigation of all 
kinds of newly occurring lodgments of bacteria, including secondary lodgments 
like the metastatic lesions in the various organs of the body that arise in the 
course of generalized infection. 

Finally, the definition of the decisive period indicates what we think is an 
important and rather neglected field of study, although the possible functions 
of the probable factors in that field are, in the present state of knowledge, still 
largely matters for speculation. 
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EFFECT OF COMPONENTS OF THE TRICARBOXYLIC-ACID 
CYCLE ON BACTERIAL INFECTIONS* 


By L. Joe Berry 
Bryn Mawr College, Bryn Mawr, Pa. 


In order to establish the kind of tactical problem with which investigators in 
the area of natural resistance to infections are often confronted, assume for the 
moment that the survival time of an infected susceptible host, previously sub- 
jected to a set of experimental manipulations, is significantly shorter than the 
survival time of a control group of the same host. How is one to proceed in 
the laboratory to gain some insight into the mechanisms responsible for this 
change in resistance to infection? For the purposes of the report to follow, 
the notion that greater susceptibility is the result of a reduced resistance will 
be implied even though the potential fallacy of the reasoning, as emphasized 
so clearly by Schneider (1951), is recognized. 

When confronted with a situation of this type it is possible to postulate a 
number of potential explanations, all based on confirmed experimental evidence. 
For example, the shorter survival time could be the result of an impaired cellu- 
lar defense, a depressed humoral defense, both natural and induced, or it could 
be due to various combinations of these factors. The final analysis inevitably 
becomes complicated and exceedingly difficult to circumscribe with any assur- 
ance. The investigator is faced with a bewildering array of uncertainties 
because most of the important body defenses against bacterial infections can- 
not be quantitatively evaluated. 

Determinations of phagocytic indices yield data of some reliability in ex- 
perienced hands of 1 step, and 1 step only, in 1 group of cells of importance in 
the cellular defense. In cases in which this 1 step is normal, may it be con- 
cluded that the whole cellular defense is normal? Obviously not. Similarly, 
antibody titers may be semiquantitatively evaluated to give some idea of the 
ability of an animal to respond to antigenic stimulation, but this by no means 
yields the complete picture of the humoral defense status of the animal. Even 
if all such possible tests were made, the picture of an animal’s defense against 
bacterial infection would not be complete. 

To compound the picture further, it is self-evident that any viable infectious 
agent, such as pathogenic bacteria, must grow and reproduce in and at the 
expense of the host organism. Regardless of whether the pathogen is intra- 
cellular or extracellular, the host cells and the pathogen must require at least 
some, if not most, of their nutriments in common. A priori, it would seem that 
competition might exist between the cells of host and parasite for those mole- 
cules they both need for growth and maintenance. Is it not theoretically con- 
ceivable that, in this sphere of interaction between the 2 species of cells, events 
may occur to alter the course of a disease, even in the absence of a specific 
defense change that makes itself manifest in profoundly altered survival times 


* This study was supported at Bryn Mawr College by funds provided under Contract AF 18(600)-511 with the 
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(Dubos, 1954)? Some experimental evidence related to these problems will 
now be examined. 


Methods and Resulis 


Animals subjected to the stress of simulated altitude are more susceptible 
than control mice to Salmonella typhimurium infection, as revealed by a statisti- 
cally significant reduction in survival time. In these experiments, infections 
were administered intraperitoneally in the form of a saline suspension of 250,000 
cells of an 18-hour brain-heart infusion-broth (Difco*) culture at time zero, 
with the results shown in TABLE 1. The shorter survival time of the altitude 
mice is statistically different from that of controls at the 1 per cent level. 
Similar results have been obtained with similar groups of mice infected intra- 
peritoneally with Diplococcus pneumoniae (Berry, 1956). The altitude mice 
infected with this organism have a significantly shorter survival time than 
control mice. Highman and Altland (1955) have also reported that rats kept 
at simulated altitude develop more severe valvular lesions of the heart and 
other symptoms of bacterial endocarditis as a result of Streptococcus infection 
than do ground-level rats. With both Salmonella and pneumococci the differ- 
ence in survival time between the experimental and control groups is not par- 
ticularly dramatic, but it is consistent and reproducible. The question as to 
why it occurs and what change in defense, if any, has intervened to render the 
altitude-exposed animal more susceptible naturally arises. 

A variety of tests have been carried out, as reported by Berry and Mitchell 
(1953a), to detect altered mechanisms of defense, but in all cases the data were 
not significantly different for the 2 groups of mice, including the ability of the 
reticuloendothelial system to sequester intravenously injected thorotrast. This 
last finding assumes some significance if we accept the evidence of Gordon and 
Katsh (1949) that normal hormonal stimulation from the pituitary-adrenal 
axis is necessary for normal reticuloendothelial activity. Such a test reveals, 
however, only 1 aspect of reticuloendothelial-system behavior. In effect, we 
have, with altitude-exposed mice, an example of animals with a changed sus- 
ceptibility to infection without any specifically detected change in a mechanism 
of defense to account for it. To be sure, all body defenses were not and could 
not be evaluated, but at least certain capacities of the major defenses were given 
consideration. The possibility presented itself that in these animals some type 
of biochemical interaction between host and parasite cells might contribute to 
the observed findings. This concept was in line with the fact that mice com- 
parably exposed to simulated altitude are more resistant than normal control 
mice to influenza A virus infection (Berry, Rubinstein, and Mitchell, 1955). 
The literature contains a considerable body of evidence suggesting that agents 
interfering with the synthetic capacities of host cells render the animal more 
resistant to not only influenza viruses but to other viral agents as well (Acker- 
mann, 1951; Ainslee, 1952; Mogabgab and Horsfall, 1952; and others). 

It was this line of reasoning that led to the testing of the effect of several 
inhibitors and intermediates of the tricarboxylic-acid cycle on the course of the 
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TABLE 1 


AVERAGE SURVIVAL TIME IN Hours OF Mice ExposEep TO HicH 
ALTITUDE AND ConTROL MICE 


Group Number of mice Average 
Miceiexposed) to high; altitudes iiiy.wis sits eirtetnelees 40 42 
Control mice: sc c20% oscacunale se) oce a peke ake reteieteet Mee ope eae 46 | 60 
TABLE 2 


Errect oF INHIBITORS AND INTERMEDIATES ON SURVIVAL TIME OF 
Micr INFECTED WITH SALMONELLA TYPHIMURIUM 


Survival time in hours of mice injected 
with 


Compound injected 


Compound listed pac puies sc 
Malonaters x) 4 mp. /Orn nas ctiua cmrabisnero eerie isan 10 84 
Sodium*arsenite 3 <6 pes/emiees eee see ete ee 13 94 
Sodiiim'succinate:8xX Lang, gmt dentine een ion 21 95 
Sodium citrate/$ <0. 5m: / pres eee eee 31 95 
Fluorcacetate 2°¢ S'mp./kem=s... vane ce eieeeee taal 40 87 


infection in mice infected intraperitoneally with S. typhimurium (Berry and 
Mitchell, 1953b, 1953c; and Berry, Merritt, and Mitchell, 1954). The average 
survival times of groups of mice given sublethal amounts of different compounds 
is shown in TABLE 2. These data leave no doubt as to the greater suscepti- 
bility of the animals receiving certain of these compounds. Note in the left- 
hand column of the table the number of injections that were given and the 
dosage of each substance indicated under the name of the compound. The 
first injection was always given immediately after the animal was infected, and 
the remaining injections were given thereafter at intervals of 1 hour, except 
for fluoroacetate, where the second injection was given 6 hours after the first, 
and for arsenite, where the third injection was given 114 hours after the second. 
In some instances only 5 mice were used in a group, but each experiment was 
confirmed, in most instances, by repeated tests. Even with a sample of 5 mice, 
when all of the experimental group die before the first in the control group, the 
statistical probability of this having occurred by chance alone is 1 in 100, 
according to the rank-order test of White (1952). For this reason large num- 
bers of animals are not necessary to establish the validity of the observation. 

With other bacterial pathogens similar results were obtained, as seen in 
TABLE 3. Note that with Proteus morganii, Staphylococeus aureus, and Kleb- 
stella pneumoniae all of the control mice surived an infection that was uniformly 
fatal in the presence of certain inhibitors or intermediates. Note also that 
activity of a compound in 1 infection is no guarantee of its effectiveness in an- 
other. This suggests that a specific interaction occurs between the type of met- 


abolic alteration and the ability of the pathogen to exploit it to its own ad- 
vantage. 
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Since, in mice infected with S. typhimurium, the minimum survival time was 
obtained with a series of sublethal injections of malonate, this compound was 
selected as a type example for additional studies. It became of primary impor- 
tance to know whether the infected mice surviving for such comparatively 
brief periods of time in the presence of malonate were actually dying of the 
infection or of a combination of infection and poisoning. This is obviously not 
an easy question to answer. It was reasoned that if the number of viable 
pathogens at the time of death could be determined in both control and malon- 
ate-injected mice there would then be some basis for deciding whether death 
was due to the infection. To this end it was established that reliable counts 
on SS agar could be made of a whole mouse homogenate prepared in a Waring 
blender (Berry, 1955). A known dilution of the carcass, based on weight, was 
prepared using normal saline as diluent, and plates of SS agar were inoculated 
in quadruplicate. TABLE 4 shows the average number of S. typhimurium found 
per gm. of mouse in control mice at the time of death and the number found in 
mice infected and given a series of injections of malonate. As before, 1 mg. of 
malonate was given per gm. of body weight every hour for a total of 8 injec- 
tions. It is apparent from a comparison of the figures obtained in the 2 groups 
that there is no significant difference in the number of pathogens present at 
death. The total number of bacteria per mouse can be found by multiplying 
the number per gm. by 15, the average weight of the carcass minus skin, feet, 
and tail. From this evidence it is permissible to infer that the difference in 
survival times, 140 hours versus 30 hours, seems to be dependent upon the dif- 


TABLE 3 
MEAN Survival Tives oF Mice INFECTED WITH DIFFERENT PATHOGENS AND 
GIVEN A SERIES OF INJECTIONS OF INHIBITORS AND INTERMEDIATES 
OF THE TRICARBOXYLIC-AcID CYCLE 


Average hours of survival of mice injected with 


Mice infected with 


Melb Succinate Citrate _|Fluoroacetate Saline 
Streptococcus pyogenes............- 7 12 12 30 12 
PF OLEUS TOPE OMIG =. 8. nsec ees es 6 20 survived | survived | survived 
Staphylococcus aureus............4% 6 survived 16 10 survived 
Corynebacterium kutschert.......... 65 53 42 38 2 
Klebsiella pneumoniae............. 18 24 survived 16 survived 
Diplococcus pneumoniae............ 43 41 51 35 65 
TABLE 4 


Tur AVERAGE NUMBER OF BACTERIA AT DEATH IN MICE INJECTED WITH 
SALMONELLA TYPHIMURIUM AND THEN GIVEN INJECTIONS OF 
EITHER MALONATE OR IsoTronic SALINE 


Saline-injected Malonate-injected 


Experimental conditions ine mice 
FOWL Oa Pa Le Se Sg Re enn 8 7 
Average number of bacteria per gm. of mouse carcass. .. . 9 X 10° 11 X 10° 


Average survival time in hours..............--.-.-+55 140 30 


374 Annals New York Academy of Sciences 


ference in time required for an apparently constant lethal population of the 
pathogens to be reached within the mouse. 

The question next arises as to why the S. typhimurium are able to reproduce 
so much more rapidly in mice given malonate than in control mice. Various 
possibilities exist. The difference could be due to 1 of 2 major causes. Either 
important body defenses of the animal are impaired by the action of the inhibi- 
tor and, by inference, by injections of intermediates of the tricarboxylic-acid 
cycle such as citrate, succinate, and others, or else the bacteria are provided 
with a nutritive environment that favors their more rapid reproduction. 

The latter possibility is favored by the following evidence. The uptake of 
intravenous thorotrast is unaltered by the usual series of malonate injections 
in mice, as seen in TABLE 5. Thus, 10 hours after administering the thorotrast, 
the animals were sacrificed, their organs were removed, desiccated, and pow- 
dered, and their thorotrast content was determined with the aid of a Tracerlab 
scaler with a thin-walled Geiger tube. 

The ability of blood neutrophiles of rats to ingest bacteria is unaltered by 
malonate injections under the same conditions that greatly reduce survival 
times of rats infected with S. typhimurium, as seen in TABLE 6. Because of 
the uncertainty in identifying ingested cells of S. typhimurium inside rat neutro- 
philes, due to confusion with granulations within the cells, a suspension of 
Staph. aureus was used in evaluating the per cent of active phagocytes. The 
numbers in parentheses represent the number of separate determinations from 
which the averages were derived. Note also that the malonate dosage, 1 mg. 
per gm. of body weight, was the same as that used for mice. Uninfected rats 
injected with this quantity of malonate survived. 


TABLE 5 


THOROTRAST CONTENT OF SELECTED ORGANS OF MICE 
INJECTED WITH EITHER MALONATE OR SALINE 


| 


Thorotrast content (in mg.) of organs of mice 
given 
Organ 
Saline (18) Malonate (16) 
TAVED Pe iessrehs 07 ole tate vate Menge ted ee ee 13.4 12.0 
Spleen. sischrs «Mos vec hs 25.5 aa ae oe ee iSiaf 11.7 
LA gS espe alee deeteoe cae cena eM eR oe ees deez 1.0 


TABLE 6 
Per Cent or Rat-BLoop NEUTROPHILES SHOWING INGESTION OF STAPHYLOCOCCUS AUREUS 
FROM Rats INJECTED witH E1THER IsoTONIC SALINE OR MALONATE, AND 
SURVIVAL Times OF INFECTED Rats UNDER SIMILAR CONDITIONS 


ae Malonate injected 
Saline injected rats rats 
(1 mg./gm. of rat) 


Per’ cent of phagocytesiactives. 0... uses 87—(11) 86—(12) 
Mean survival time of rats infected with Salmonella 
WY PRUNUPTUM «6 o-6 vcs once bea ee 116—(12) 28—(12) 


SV—303<=<—NVNe6—wnaasa0)9as— S555 ee ee SSS 
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TABLE 7 
NUMBER OF SALMONELLA TYPHIMURIUM REMAINING VIABLE WITH TIME IN 
WHOLE SERUM FROM RATS INJECTED WITH SALINE OR MALONATE 
OR IN SERUM TO WHICH ZYMOSAN WAS ADDED 


Number of bacteria in serum from rats given 


Time in hours 
Saline Malonate Zymosan added to serum 
0 11,100 12,500 12,400 
1 2,500 2,000 19,800 
2 4,100 3,800 79,300 
3 4,300 3,800 | 255,000 
4 5,100 3,900 | 796,700 
5 8,900 5,800 | 2,077 ,000 


In addition, the ability of blood serum from rats injected with malonate to 
reduce the viable count of S. typhimurium is no different from that of control 
rats, while zymosan added to control sera neutralizes this ability. This is 
seen in TABLE 7. The bacterial suspension was added to the serum contained 
in small tubes kept in a 37° C. incubator at all times except when samples were 
withdrawn for dilution counts. The malonate and saline injections were ad- 
ministered to the rats at hourly intervals prior to the time the animals were 
bled from the heart in order to collect the serum. Pooled samples from 3 ani- 
mals were used for each test, and the figures presented are the averages of 3 
separate determinations. The zymosan was added to the serum according to 
the directions of Pillemer e¢ al. (1953) for neutralizing the action of properdin. 
The bactericidal power of the serum appears to be unaltered by malonate and, 
inferentially, by the properdin system. Since these are merely a few of the 
potentially important defenses found to be unimpaired by malonate injections, 
it is always possible that other defense mechanisms are inhibited. 

This problem may be approached somewhat indirectly in an effort to gain 
some insight into the possible role played by other body defenses. Since it is a 
well-known fact that heat-killed suspensions of endotoxin-producing pathogenic 
bacteria, when administered in sufficient numbers, are lethal for susceptible 
animals, it becomes important to inquire into the influence of the number of 
killed pathogens on the number of viable pathogens at death. The question can 
be posed in another way. Let us assume that an experimental group of mice 
is more susceptible than a control group because of an impaired defense mech- 
anism. This would mean that during the course of the disease fewer of the 
causative bacteria would be destroyed in the bodies of the experimental group 
of animals. What influence should this have on the number of viable cells at 
death of the susceptible host? One might predict that more viable cells would 
be required to kill an animal less capable of destroying the toxic pathogens than 
one whose defenses were intact. This may well be true but, when more than 
the number of cells found at death are administered as killed cells at the time 
of infection, the living pathogens still reach the same count when the animal 
dies. This can be seen in TABLE 8, and the result prevents any conclusions 
from being reached about the relative effectiveness of the defense mechanism. 
This is true even though the endotoxins of the heat-killed cells may be par- 
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TABLE 8 


Tue MEAN NUMBER OF VIABLE CELLS OF SALMONELLA TYPHIMURIUM FOUND PER GM, 
or Mouse AT THE TIME OF DEATH IN CONTROL MICE AND IN MICE GIVEN INTRAPERI- 
TONEALLY 0.25 anp 0.5 Bittion HeEat-KILtLED PATHOGENS AT THE TIME OF INTRA- 
PERITONEAL INFECTION 


Mice given Mice ehy 
Control mice 0.25 X 109 0.5 X 1 
infected intra- |heat-killed cells |heat-killed ie 
peritoneally at time of at time of 
with 106 cells | infection with | infection with 
106 cells 108 cells 
Numberof mice counted)... etsemieae nn wae 13 9 12 
Average number of pathogens per gm. of mouse 
CATCASS # .Acgee tie o5ce.0 ee 4.4.0 © ok Ce eeienaire re 53: 08 49 < 108 45 X 108 
Average survival time in hours................ 108 42 26 


tially denatured and, consequently, not exactly equivalent to those released 
from the pathogens destroyed by body defenses. 

Attention is directed to the fact that the number of bacteria per gm. of car- 
cass in TABLES 8, 9, 10 is 3 to 5 times larger than the number shown in TABLE 
4. The determinations presented in these former tables were made more than 
a year later than those in TABLE 4. While the culture was supposedly the same, 
there had been a slight reduction in virulence, as evidenced by increased sur- 
vival times of infected animals. There*is, however, insufficient basis for 
attributing these comparatively small differences in numbers of bacteria per 
gm. of mouse specifically to an altered virulence. Again, the total number of 
pathogens per mouse is obtained by multiplying the listed figures by 15, the 
average weight of the carcass. As shown in TABLE 8, there are significant 
differences in survival times in the 3 groups of animals. 

Viable bacterial counts obtained from massively infected immune animals, 
compared to nonimmune control animals given a smaller infectious dose so 
that survival times will be roughly comparable, are recorded in TABLE 9. 
Here again no significant difference appears. From these data, therefore, one 
is forced to conclude that pathogen counts at the death of an animal tell 
nothing, within the limits of the method, of the relative number of bacteria 
destroyed by the animal’s defense mechanisms. 

Returning now to the question of the greater susceptibility of altitude- 


TABLE 9 
Tue Mran NuMBER OF VIABLE CELLS OF SALMONELLA TYPHIMURIUM FOUND 
PER GM. OF MOUSE AT THE TIME OF DEATH IN CONTROL MICE 
AND Micre ImmuNIzED PRIOR TO INFECTION 


Control mice ‘ 
Parenter Immune mice 


infected with 
intraperitoneall, in: 
with 0.5 X 108 cells 70 X 108 cells 


Number of mice counted a. neice eve ie ee 13 14 
Average number of pathogens per gm. of carcass. ” 42 X 10° 35 X 10° 
Average survival time in hours..................++--- 128 94 
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TABLE 10 
THe MEAN NUMBER OF VIABLE CELLS OF SALMONELLA TYPHIMURIUM FOUND PER GM. OF 
MOUSE AT THE TIME OF DEATH IN CONTROL MICE AND MICE ExposED TO SIMULATED 
ALTITUDE oF 20,000 FEET For 3 WEEKS PRIOR TO INFECTION 


: Mice exposed to 
peti oa high altitude 
intraperitoneally ._,_intecte 
- intraperitoneally 
with 108 cells rite 108 cells 
Nam Dem OnmmMices on eat ole teINOe alae ahs Mesias s ca cas 13 
Average number of pathogens per gm. of mouse carcass... 53 X 10° 30 X 10° 
AVerare sttvaival timed BOUTS gts aaeee ie vs sa s+ dei- > « 108 62 


exposed mice, it has been found that the number of viable bacteria at death is 
the same as it is for control mice. This may be seen in TABLE 10. While there 
is little more than one half the number of cells in altitude-exposed mice, as com- 
pared with the controls, the difference is not statistically significant according 
to the rank-order test of White (1952). Survival times, on the other hand, are 
significantly different at the 1 per cent level by the same test. Again it may be 
concluded that an essential distinction between the experimental and control 
groups is the time required for the “lethal” population of pathogens to be 
reached. 

As a matter of curiosity, the possibility of a metabolic adjustment to the 
stress of simulated high altitude was investigated by analyzing several tissues 
of altitude-exposed animals for their citric-acid content. This specific com- 
pound was selected because of its position in the tricarboxylic-acid cycle and 
also because of the sensitivity and reliability of the method of Ettinger, Gold- 
baum, and Smith (1952). All assays were carried out on the pooled tissues of 
3 mice. The results are given in TABLE 11. Notice that there is a progressive 
drop in citric-acid concentration up to the third week at altitude, and at that 
time all tissues except heart show approximately a 30 per cent decline in this 
intermediate. The heart tissue is 20 per cent below control values. These 
values remain unchanged after 414 and 6 weeks in the decompression chambers. 


TABLE 11 


Cirric-Aciy CONTENT OF Mouse TissuEs AT DIFFERENT TIMES OF 
ExposurE TO SIMULATED 20,000-Foor ALTITUDE 


Citric-acid content of mouse tissues (ug./gm. wet wt.) in 


Tissue Mice kept at simulated altitude for 
Control 
mice 


1 week 2 weeks | 3 weeks | 442 weeks| 6 weeks 


iGO E: Are Ree OS See 36 30 25 22 24 22 
IDuGdentiniee vovisscsanese. « 104 80 76 75 70 71 
careanenraeey. 4; sane ater. oo 63 51 53 49 50 50 
TEC = ES eee ee 52 43 44 39 36 37 
EGET MSM.) os wrvios es ences 80 63 Ey 54 56 55 


RSL GEI eee Mer, 3: SRI aerate ghee 96 71 66 66 66 68 
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TABLE 12 
Crrric-Aciy ConTENT OF Mouse Tissues Durinc DIFFERENT 
PERIODS OF RECOVERY FROM 3 WEEKS EXPOSURE TO 
SIMULATED ALTITUDE OF 20,000 FEET 


Citric-acid content of mouse tissues (ug./gm. wet wt.) in 
Tissue Mice kept at altitude for 3 weeks and then given a 
Control recovery period of 
mice 
0 days 5 days 10 days 14 days 21 days 
Blood tesicint ce sisters por asec 36 22 18 24 36 41 
Duodenumern a yet ae mee tee 104 75 69 76 105 97 
TGart ati t. eee clits ous trekscusset 63 49 48 49 56 65 
Keidneyise.s atic detec rgennshenita cs 52 39 36 39 47 50 
LAVErsccran het aio casicieteare ieee 80 54 57 80 84 80 
SPC a oes casey oars, Reeves ole ele 96 66 68 92 100 92 


= 


Following 3 weeks at altitude, the citric-acid concentration in the tissues has 
not returned to normal values after 5 and 10 days of recovery at normal atmos- 
pheric pressures. After 2 weeks, however, it is again normal, as seen in TABLE 
12. In all instances no significant change in degree of hydration of the tissues 
accompanies exposure to altitude, so that the reduced citric-acid content ap- 
pears to be the result of the establishment of a new “steady-state” concentra- 
tion in the cells. There is at this time no information concerning the con- 
centration of this intermediate in mice that are fully adapted to altitude for 
extensive periods of time, that is, for generations. On the basis of data now 
being accumulated in Peru at the laboratories of the Andean Institute of Biol- 
ogy, in Lima, approximately 50 feet above sea level, and in Morococha, approx- 
imately 14,900 feet above sea level, on guinea pigs native to the coastal plain 
and those that have lived for generations at high altitude, there is the sugges- 
tion that certain differences exist in citric-acid content of tissues but not neces- 
sarily in all tissues. If this is confirmed by additional data it will become im- 
portant to know the nature of the citric-acid concentration in the tissues of 
animals during the period of adjustment to hypoxia. 

A comparison of the susceptibility of mice exposed to altitude for different 
periods of time with that of normal mice, as seen in TABLE 13, makes it ap- 


TABLE 13 


MEAN SurviIvAL Time IN Hours OF DIFFERENT GROUPS 
or Mice CoMPARED TO CORRESPONDING CONTROLS 


P value—experi- 


Survival time mental group'vs, 


Experimental group Number of mice 


in hours control 
Control tA Naik enceg ccna ae eee nee 46 60 
‘Three weeks at altitude s...1.se eel eres eee 40 42 >.01 
Control: B”’ ae. 2.2.02 Maya ae 65 75 
Sixeweeksiat altitudes, sa Gene eee 48 57 >.01 
Gontroli@?.:5 5 5a aR eI ace 36 56 
Three weeks at altitude + 5 days recovery...... 36 39 >.01 
Three weeks at altitude + 10 days recovery..... 36 42 -03 


i ia 
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TABLE 14 


MEAN SurRvVIVAL TIME IN Hours OF DirFERENT GROUPS OF 
MicE COMPARED TO CORRESPONDING CONTROLS 


: ‘ Gurvivalit? P value—experi- 
Experimental group Number of mice br as ah mental group 

LOCA CoS ADM! ee ne ee 36 67 

Three weeks at altitude + 14 days recovery..... 36 69 <0 
Control are en ls ern fis charac eis edardes 44 177 

One nweeks atraltatintde’sssiotriess cut crores Soins o%e-e 32 161 <.30 
EL WOIWeeKS at albltutde sama ete ens cme ones cc. Sil 159 <.20 
AUbreenyeeks atvaltitudesssnias nc oases ce cette cas 38 141 .03 
Three weeks at altitude + 14 days recovery..... 27 188 <0 


parent that susceptibility reaches a maximum at the time that the citric-acid 
content of tissues is minimum, and that it is still greater than normal while the 
citric acid is still depressed, that is, after 5 and 10 days of recovery at normal 
atmospheric pressures following 3 weeks in the decompression chambers. Note 
that different control animals were used for the different comparisons, since the 
number of mice employed prevented a single experiment from encompassing 
the different groups. The probabilities, as shown, were calculated by use of 
Student’s / test. All differences between experimental and control animals are 
highly significant, including the one for those mice given 10 days of recovery. 

The data of TABLE 14 demonstrate, however, that after 14 days of recovery, 
susceptibility, as revealed by survival time, is again normal. It is also seen 
that after 3 weeks at high altitude, but not after 1 or 2 weeks, susceptibility is 
increased. After 2 weeks of recovery from high altitude, however, resistance 
isnormal. The last set of data are of interest because survival times are more 
than double those shown in the previous table. The severity of the infection 
does not appear to alter the results within the limits here observed. 


Discussion 


It would appear that disturbances artificially induced in the tricarboxylic- 
acid cycle of an animal greatly reduce survival time. This reduced survival 
time has not been correlated with a detectable change in those body defenses 
investigated. The only certain fact concerning this phenomenon, then, is the 
greatly accelerated rate at which the pathogens reach a relatively constant 
population at the time the animal dies. 

Emphasis should be given to the fact that the change in host metabolism of 
mice exposed to high altitude, as evidenced by the altered concentration in 
tissue citric acid, is not necessarily linked causally with the greater suscepti- 
bility of the mice to infection. It is altogether possible that these events are 
independently correlated in time. At this stage of our understanding there has 
been observed merely the necessary agreement between changes in metabolism 
and in susceptibility for a cause and effect relationship to exist, but this is by 
no means sufficient evidence to establish such a relationship. 

If it is to be assumed that altered metabolism leads to accumulation of inter- 
mediates that the bacteria can utilize for their nutrition, then the drop in citric 
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acid found in tissues of animals exposed to high altitude is in the wrong direc- 
tion. It is obvious, however, that our information is limited to a single com- 
pound, namely, citric acid, and that other substances, about which we have no 
information, may accumulate. 

Finally, mention should be made of the potential role of the adrenalcortical 
hormones in the altered response of the high altitude-stressed mice. There is 
now abundant literature showing that preinfection injections, particularly of 
cortisone, into experimental animals increases their susceptibility to a variety 
of pathogens (Kass et al., 1953; Thomas, 1953). The underlying mechanism for 
these changes is not completely elucidated, but the reticuloendothelial system 
is clearly implicated. It is for this reason that emphasis is given to the fact 
that the clearance of thorotrast by liver, spleen, and lung of mice exposed to high 
altitude is normal. Moreover, spleen size, which becomes diminished under 
conditions of severe stress (Selye, 1950), is the same in our mice exposed to high 
altitude and normal mice. The specific proof, therefore, that we should at- 
tribute our observations to hormonal intervention, is lacking. Perhaps the 
explanation for the decreased citric-acid concentration in the tissues of mice 
exposed to high altitude is to be sought in the influence of cortical hormones on 
carbohydrate metabolism (Hoagland, 1947), but this must remain purely hypo- 
thetical until more specific evidence is available. 

The work now in progress in Peru should contribute to our understanding of 
some of these relationships. Both short- and long-term effects of high altitude 
are being investigated. It is hoped that in time there will be a fuller knowledge 
of these problems. 


Summary 


This report is concerned with an analysis of possible mechanisms responsible 
for the shorter survival time of mice exposed to high altitude infected intra- 
peritoneally with Salmonella typhimurium compared with that of ground-level 
control animals. The role of host metabolism in altering the course of bacterial 
disease is made evident by postinfection injections of sublethal amounts of 
inhibitors or intermediates of the tricarboxylic-acid cycle. Certain of these 
substances greatly increase susceptibility to a variety of pathogens. Since the 
average number of viable Salmonella at the death of an animal is the same in 
mice exposed to high altitude, mice with artificially modified metabolism and 
control mice, even though survival times vary over a wide range, it is con- 
cluded that the rate at which the “lethal” number of pathogens is reached is 
the primary variable. In both mice exposed to high altitude and in those in- 
jected with malonate following infection, no differences in those body defenses 
evaluated were found that would account for these observations. In mice 
exposed to high altitude, however, a decrease in citric-acid concentration of 
tissues reached a minimum value 30 per cent below normal after 3 week’s 
exposure to hypoxia and remained unchanged after 6 weeks exposure. It re- 
turned to normal, following 3 weeks at altitude, after 2 week’s recovery at 
ground-level pressures, but not after 5 or 10 days of recovery. Susceptibility 
to infection is greater in these animals at those times when citric-acid concen- 
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tration is depressed, and it is normal when the concentration of the inter- 
mediate isnormal. This correlation in the timing of the metabolic adjustment 
and the altered susceptibility of hypoxic animals cannot be causally linked, 
however, at this time. 
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BIOCHEMICAL STUDIES ON THE BACTERICIDAL 
POWER OF PHAGOCYTIC CELLS 


By James G. Hirsch 
Rockefeller Institute for Medical Research, New York, N.Y. 


The vital role played by phagocytic cells in protecting animals from certain 
infectious diseases was first emphasized by Metchnikoff!: * over 50 years ago. 
This concept has since been firmly established. Host resistance is, in some 
instances, clearly based primarily on the capacity of phagocytes to engulf and 
destroy bacterial invaders. 

Surprisingly little is known concerning the intracellular biochemical condi- 
tions that kill parasites. The statement in most textbooks, namely, that 
microorganisms are “digested” in phagocytic cytoplasm, has no real meaning. 
It seems unlikely that they are killed by proteolytic enzymes, for living bac- 
teria generally thrive in the presence of many ferments of this type.* 

In this article I shall consider biochemical mechanisms that may account 
for the lethal effect of polymorphonuclear leukocytic cytoplasm on bacteria. 


Organic Acids 


Perhaps the simplest substances that may exert an antibacterial action inside 
phagocytes are the organic acids. Rous first clearly showed that the reaction 
in phagocytic cytoplasm may be quite acid, and that the pH surrounding 
an engulfed particle appears to be near 4.5. Phagocytic cells possess a glyco- 
lytic metabolic apparatus and produce considerable quantities of lactic acid 
under both aerobic and anaerobic conditions.®» * Presumably, accumulation 
of lactic acid accounts, at least in part, for the low pH often observed in these 
cells. A few years ago Dubos’ demonstrated that lactic acid and several other 
organic acids have antibacterial properties when the reaction of the medium is 
below pH 6.0. 

It is important to point out that a high degree of acidity may not be charac- 
teristic of normal leukocytic cytoplasm, but rather may develop as a conse- 
quence of engulfment of the foreign particle. This concept might well be 
termed “intracellular inflammation.” In a sense, then, a principal role of 
phagocytes might be to sequester the parasites and to expose them to concen- 
trated products of inflammation. Obviously host tissues in general cannot 
develop, for example, a high degree of acidity, for this would result in death of 
the animal. On the other hand, even if intraphagocytic acidity should, as may 
often be the case, lead to the death of the leukocyte, the host would survive 
since these cells are expendable. 

The relative importance of acidity as a bactericidal mechanism of phagocytes 
remains somewhat speculative at present, since no accurate measurements have 
been made of pH, lactate, and other chemical conditions in intact cells. 


Lysozyme 


Until very recently the only bactericidal substance recognized to be present 
in polymorphonuclear leukocytes was lysozyme.®: *» 10 Lysozyme is a strongly 
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basic low molecular-weight protein that degrades enzymatically certain amino- 
polysaccharides. Exposure to lysozyme results in rapid lysis of bacteria whose 
cell wall is composed of this particular carbohydrate polymer. Although lyso- 
zyme is limited in its lytic action to a very few gram-positive cocci, it is pos- 
sible that in certain circumstances it kills a wider variety of microorganisms 
without dissolving them. As an illustration of this possibility, it has been re- 
cently observed by Lack, Dubos, and myself"! that many coagulase-negative 
staphylococci are killed but not lysed on exposure to lysozyme at a mildly acid 
pH, while neither of these agents alone produces a lethal effect. Coagulase- 
positive staphylococci, on the whole, are not affected by similar exposure. These 
findings are especially interesting in relation to previous studies by Rogers and 
Thompsett” showing that coagulase-negative staphylococci are rapidly killed 
within polymorphonuclear leukocytes, while coagulase-positive strains survive 
in this environment. 


Phagocytin 


That lysozyme and acid do not account for all of the antibacterial power of 
polymorphonuclear leukocytes is suggested by the fact that many microbes, 
coliform bacteria for instance, are not affected by lysozyme, even at an acid 
reaction, yet are known to be rapidly killed inside these cells. This fact led 
me to investigate’: 4 the biochemical basis for the death of enteric bacilli 
within polymorphonuclear leukocytes. 

Essential to the success of these experiments was the development of a tech- 
nique whereby it is possible to collect from rabbits large numbers of intact 
polymorphonuclear leukocytes essentially free of debris and other cell types. 
When rabbit white cells so obtained are disrupted by any of a variety of physi- 
cal methods and are then extracted with aqueous salt solution, the soluble 
portion manifests a striking bactericidal action on numerous gram-negative 
enteric bacilli. Susceptible to this lethal effect are strains of Escherichia, 
Shigella, Salmonella, Proteus, Pyocyaneus, and Klebsiella. Under the condi- 
tions thus far studied, several gram-positive bacteria, including staphylococci, 
streptococci, and mycobacteria, are unaffected by similar exposure. Although 
rapidly killed, coliform bacteria are not lysed by the rabbit leukocyte prepara- 
tions. 

The substance responsible for the lethal action of rabbit white-cell extracts 
on enteric bacilli appears to be, at least in part, a protein with general properties 
characteristic of a globulin. It is not dialyzable. It is inactivated by crystal- 
lized trypsin, and it is precipitated and may be quantitatively recovered from 
the fraction insoluble at 60 per cent saturation with ammonium sulfate. 

This material is obviously different from lysozyme in both antibacterial 
activity and in precise chemical nature. Furthermore, there is abundant evi- 
dence indicating that leukocyte extracts are unrelated to properdin. For 
example, in contrast to the properdin system,!° rabbit white-cell preparations 
exert bactericidal action in the absence of complement and magnesium ions. 
Louis Pillemer kindly examined some of the leukocyte extracts and was unable 
to demonstrate properdin or antiproperdin substances in them. Since this 
globulin from rabbit-polymorphonuclear phagocytes appears to differ from 
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previously characterized bactericidal substances from tissues, it has been called 
phagocytin, a name that connotes both its origin and its probable chemical 
nature. 

Phagocytin is stable to temperatures as high as 65° C. for several hours, but 
on standing in the refrigerator for prolonged periods of time activity disappears. 
Thus a leukocyte extract stored at 4° C. for 3 weeks has only about one eighth the 
activity of the fresh extract. The reasons for the instability of phagocytin on 
storage are not yet clear, but they may well be related to the fact that it is in- 
activated, presumably by adsorption, on exposure to a wide variety of materials, 
including filter paper, porcelain candles, denatured proteins, and insoluble in- 
organic salts. Bactericidal activity cannot be eluted from any of these ad- 
sorbing materials. 

As mentioned above, cytoplasm about a phagocyted particle is quite acid. 
It was therefore of special interest to find that the bactericidal activity of 
phagocytin is influenced by the reaction of the medium. The more acid the 
environment, the more marked is the bactericidal activity. In the range 
from pH 4.0 to pH 7.0, an increase in acidity of 1 pH unit produces a fivefold 
to tenfold enhancement of activity. 

Although the mechanism by which phagocytin brings about the death of 
enteric bacilli is not yet established, some preliminary experiments have been 
done in this area. The number of bacteria present does not strikingly in- 
fluence the activity of the leukocyte extracts. A thousandfold increase in the 
bacterial inoculum requires only a twofold to fourfold higher level of phagocytin 
to produce a given degree, for example, 90 per cent, of killing. The time- 
temperature relationships of the interaction between phagocytin and susceptible 
bacteria show that at 0°C. practically no killing takes place, while at 38° C. 
the lethal action is rapid, being well advanced in 5 minutes and complete within 
30 minutes. These observations are in keeping with an enzymatic reaction. 

Extracts of polymorphonuclear leukocytes from mammals other than the 
rabbit have also been studied. Those of human and of guinea pig cells mani- 
fest bactericidal activity on coliform microorganisms, but this activity is 
much less than that of the rabbit preparations. Extracts of mouse and of rat 
leukocytes show no lethal effect on gram-negative enteric bacilli. It is possible, 
of course, that the nature of the bactericidal material or the conditions required 
for its action may differ among species of animals. On the other hand it might 
be pointed out that phagocytin is destroyed by proteolytic enzymes, and it has 
been previously shown that the rabbit polymorphonuclear leukocyte is unique 
in that it contains no demonstrable trypsinlike leukoprotease.® Thus per- 
haps phagocytin is obtained with ease from rabbit cells simply because they 
contain no enzyme that destroys it. 


Summary 


There would then appear to be at least 3 potentially bactericidal substances 
in polymorphonuclear leukocytic cytoplasm: acid, lysozyme, and phagocytin. 
Further work is required to establish which of these agents is of prime impor- 
tance in determing the outcome of specific phagocyte-parasite encounters. The 
information at hand suggests strongly that various combinations of these cellu- 
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lar agents may exert a synergistic effect in destroying microorganisms. For 
example, the combination of lysozyme and acid kills certain staphylococci not 
susceptible to either alone, and the bactericidal activity of phagocytin is 
clearly enhanced at acid reactions. 

It is admittedly true that many of the infectious diseases of most concern to 
mankind at present are due to microorganisms that survive intracellularly. A 
first step essential to an understanding of the resistance of these particular 
parasites is, of course, knowledge concerning the cytoplasmic conditions to 
which they are resistant. As presented above, some of the bactericidal factors 
in polymorphonuclear phagocytes have now been uncovered. No information 
is available, however, dealing with similar aspects of macrophage cytoplasm. 
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PHAGOCYTOSIS-PROMOTING FACTOR OF PLASMA AND SERUM 


By James L. Tullis and Douglas M. Surgenor 


Department of Medicine; Department of Biological Chemistry. 
Harvard Medical School, Boston, Mass. 


In the earlier part of this monograph there have been presented scholarly 
delineations of the various proteins, nutritional factors, hereditary factors, and 
possible biochemical factors that comprise the natural viricidal and bactericidal 
property of tissues and body fluids. I should like now to direct your attention 
to another line of defense in the maintenance of homeostasis: leukocytic phago- 
cytosis, as mentioned by J. G. Hirsch elsewhere in this publication. This 
system requires the simultaneous presence of 3 component parts: the bacteria 
or particle to be ingested, living migratory cells to do the ingesting and, finally, 
extracellular protein factors capable of converting the phenomenon from an 
interesting laboratory demonstration to a rapidly consummated biologic phe- 
nomenon exerting significant effect upon host survival. 

During the past 4 years our laboratory has been engaged in attempts to iso- 
late and identify the proteins of plasma and serum responsible for this accelera- 
tion of phagocytosis. The presence of such phagocytosis-stimulating sub- 
stances is not a new finding. In fact, the literature in this field dates back 
more than a half century. Unfortunately,-however, this literature sometimes 
has been enmeshed in semantics: Should such factors be called opsonins? 
Should such factors be called alexin? Or, indeed, are such factors merely 
manifestations of complement activity? For purposes of simplification we 
have grouped all the protein factors that stimulate natural nonimmune phago- 
cytosis under the descriptive term, phagocytosis-promotion factors or PPF. 
These factors will so be referred to in this report. Points at which such ac- 
tivity varies from the classic concepts of complement and opsonins will be 
amplified. 

It should be noted that these protein factors are additive to the intrinsic 
ability of leukocytes to be ameboid and to ingest particles at a slow but meas- 
urable rate in even a protein-free medium. ‘These PPF factors also are sep- 
arate and distinct, we believe, from the specific phagocytic stimulation that 
occurs in a sensitized system of immune antibodies and appropriate bacterial 
strains. Finally, the PPF factors also may be independent of alterations in 
phagocytic rate that can be mediated through metabolic or hormonal influ- 
ences acting upon the intracellular kinetics of the leukocyte. 

What, then, are the PPF factors? We believe them to be the proteins that 
are concerned with the natural regulation of phagocytic rates within the intact 
animal. In this regard it should be noted that Y. Matoth, of the Hebrew 
Medical School, Jerusalem, Israel, while working with us a few years ago, 
demonstrated the presence of these stimulatory factors in the fetal-cord serum 
of newborn infants. Admittedly the phagocytic enhancement of these factors 
was less than that of the whole plasma or serum of the maternal circulation 
when added to a suspension of the same fetal leukocytes. Nevertheless, well- 
defined phagocytic stimulation was demonstrable under neonatal circumstances. 
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In the interest of brevity I shall delete detailed description of our assay 
methods. Three points only are of importance in this regard: 

(1) All of the original source material from which our phagocytosis-enhance- 
ment factors have been isolated was derived from pools (or single units) of 
plasma or serum of healthy donors whose history was familiar to us and to 
whose freedom from active infections we could attest. 

(2) The test particles used in our assays have been starch granules ex- 
clusively. Controlled studies on phagocytic rates and indices gave comparable 
results for Amaranthus cruenthus starch granules and different strains of 
staphylococci. 

(3) The quantitation of biologic effect has been in terms of phagocytic index 
which, for this study, has been empirically defined as the total number of in- 
gested particles per 100 cells per 1-hour incubation. 

As a first step in identification of PPF, the effects of simple heating, freezing, 
aging, and coagulation were observed. It was found that the stimulatory 
effects of fresh serum and plasma were essentially the same. Fresh-frozen 
plasma showed a slightly greater phagocytosis-promotion factor, but this find- 
ing was not seen regularly. Heat treatment (+56° C. for 20 minutes) not only 
removed phagocytosis-promotion effect but resulted in inhibitory activity 
below that of the control specimen of plain cells and starch granules. A 
sample of plasma from the same donor collected 2 weeks prior to the experi- 
ment and stored at +4° C. showed a slight loss of stimulatory activity. This 
loss averaged 15 per cent in repeated experiments. This rate of decay could 
be accelerated by various physical and chemical means. Conversion of plasma 
to serum, for example, effected no immediate change in the total stimulatory 
activity, but resulted in a loss of 30 per cent after 2 weeks. Similar instability 
on storage was seen following freezing and thawing, or various chemical treat- 
ments. 

As a second step in identification of PPF activity, fresh plasma was subjected 
to paper-strip electrophoresis. The technique was as follows: 1499 ml. of 
plasma or serum was placed on No. 1 Whatman analytical paper and submitted 
to electrophoresis for 16° at +4° C., pH 8.6, 150 volts. At the conclusion of 
each electrophoresis, a control strip was stained to localize the 4 or 5 major 
protein bands corresponding to gamma globulins, 8-2 globulins, 8-1 globulins, 
a-globulins, and albumin. The parallel unstained strip was then subdivided 
to correspond to each of these protein bands. The divided segments were 
promptly immersed in 0.4 ml. of standard Hank’s buffer solution for 30 min- 
utes. The segments were then squeezed with pinch forceps to elute the protein. 
They were then removed and discarded. Fresh white cells and starch granules 
were now added in amounts comparable to the standard assay, and the phago- 
cytic activity was determined after 1-hour incubation at 37° C. Recovery of 
almost full phagocytic activity from a fragment of paper strip on which only 
169 ml. of starting material had been used emphasizes the extreme sensitivity 
of the system. 

Two peaks of activity were noted consistently in all specimens of fresh plasma 
electrophoresis by this technique. One peak corresponded to the 6-globulins 
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and the other peak to the rapidly migrating albumin fraction. This latter 
activity was not due to albumin, however, but rather to a closely associated 
a-1 globulin that could be isolated separately by the use of multiple 1-cm. cuts 
along the paper strip. 

Having established the presence of 2 separate plasma proteins with phago- 
cytosis-promotion activity, chemical studies were undertaken further to identify 
and purify both factors. Freshly collected resin plasma was subjected to 
Method XII of fractionation, both individually and in pools. This method, 
the last devised by the late Edwin J. Cohn of Harvard University, Cambridge, 
Mass., utilizes the interactions of proteins and heavy metals at normal pH. In 
each instance the original blood was collected, cooled, and rendered cell-free 
under optimal operating conditions in a Cohn centrifuge. The first step of 
Method XII consists of the addition of powered barium sulfate for removal 
of prothrombin and other coagulant proteins such as plasma thromboplastic 
component (PTC) and serum prothrombin conversion accelerator (SPCA). 
To our surprise, about one fourth of the phagocytic activity of plasma was re- 
moved by this single treatment. For a time we presumed that this part of the 
PPF-stimulatory activity might indeed be prothrombin itself, but recent work 
that is the subject of another report showed that the PPF factor that adsorbs 
on barium sulfate is a 8-globulin separate and distinct from prothrombin. The 
factor can be recovered by elution of barium sulfate with citrate solution and 
is fairly stable on prolonged storage in the powdered state. 


Effect of Zine 

Having established the interaction of the 8-component of PPF with barium 
sulfate, zinc diglycinate was next added. This second step in Method XII 
forms the unstable globulins into a complex with zinc, leaving albumin in 
solution. The subsequent partition of the a-1 PPF factor was performed. 
Preliminary experiments suggested that the a-1 PPF was equally divided be- 
tween the PGP (plasma globulin precipitate) paste and the supernatant stable 
plasma protein solution (SPPS) containing albumin and a-lipoprotein. If the 
conditions of fractionation were modified to include a preliminary dilution to 3 
plasma volumes so as to avoid occlusion of SPPS in the globulin precipitation, 
however, all stimulatory activity was absent from the PGP and was present 
in the supernate. The PPF factor present in SPPS subsequently could be 
lyophilized and stored, as in the case of the 6 factor associated with barium. 
The separation of the a factor from albumin was possible by both paper-strip 
analysis and chemical means. Employing 1-cm. divisions of an electrophoresis 
strip of a redissolved SPPS, it was possible to show (FIGURE 1) that the maxi- 
mal optical density (corresponding to the major protein component of this 
fraction, namely, albumin) was in the area of 10 to 12 cm., whereas the PPF 
activity was maximal in the closely associated areas of 8 and 13 cm, Simi- 
larly, the removal of albumin by fractionation of SPPS with 30 per cent ethanol 
left the supernate activity unimpeded. When redissolved, the albumin was 
not only free of phagocytosis-stimulatory activity but showed marked in- 
hibitory effect below the control levels. This again corroborates the often 
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neglected observation that albumin is the least desirable solution for in vitro 
cytologic study. 

After the publication of Louis Pillemer’s first work on properdin in 1954, our 
interest was aroused as to whether properdin showed PPF activities or, con- 
versely, if PPF showed any properties similar to properdin. Accordingly, we 
studied the effect of zymosan treatment on the level of PPF in serum (TABLE 1). 
The standard technique of adsorption against 4 mg. of zymosan for 75 minutes 
at 17° C. caused an average decrease of 35 per cent in the phagocytic activity 
of whole serum. Subsequent heating at 37° C. for an added 75-minute period 
in the presence of magnesium ion did not further decrease phagocytosis promo- 


TABLE 1 
EFFECT OF PROPERDIN PREPARATION OF PHAGOCYTOSIS-PROMOTING FACTOR IN SERUM 
. Per cent Phagocytic 
Preparation Test phaeneyile aeiotegs Complement 
Control Control 30 175 _ 
Plain serum Full PPF 71 570 + 
Serum after cation resin Effect removal 69 439 + 
Mgt* and Catt 
Serum + 37° C. for 75’ Full complement 67 476 4- 
Full Mgt* Full Ca** 
Serum + 4 mg. zymosan + | Full complement 52 297 + 
17° C. for 75 No properdin 
Serum + 4 mg. zymosan + | No complement 61 323 - 
Sip tOE TS No properdin 


390 Annals New York Academy of Sciences 


tion. This phenomenon caused an initial impression that the 2 types of ac- 
tivity were somewhat similar, but subsequent analysis has not borne out this 
impression. Repeated assays of potent properdin preparations for phagocyto- 
sis-promotion activity have been consistently negative for any phagocytosis ac- 
tivity. This is in keeping with Pillemer’s original findings. We have con- 
sistently been able to reproduce a loss of PPF activity by zymosan treatment 
of serum and, more recently, of plasma, however, so that our present thinking 
is to the effect that 1 of the PPF activities interacts with zymosan either in an 
irreversible complex or by some adsorption for which we have not as yet found 
the proper eluting agent. Of equal interest to this dissimilarity between prop- 
erdin and PPF was the observation that subsequent heating to inactivate com- 
plement caused no further decrease in PPF activity. This observation would 
indicate a lack of activity of complement in phagocytic promotion as assayed 
in this system. Apparent corroboration of the absence of complementary 
activity in normal phagocytosis stimulation was obtained by paper-strip elec- 
trophoretic analysis of plasma with concurrent assay of the individual protein 
sections for PPF activity and for hemolytic complementary activity in a sheep- 
cell rabbit antisheep-cell system. These experiments, which suggest that com- 
plement does not have phagocytosis-stimulating activity, are in disagreement 
with a considerable body of literature dating back to 1905. Consequently, 
these data are advanced with trepidation for what value they might have. 
Suffice it to say that essentially all leukocyte studies in the past have been 
carried out in the presence of some complement, due to the known difficulty of 
washing leukocytes free of their nidus of plasma without significant damage 
and, of course, due to the impossibility of heat inactivation of such plasma in 
the presence of living cells. 


Conclusion 


A chemical and physical study of normal plasma and serum has shown 2 
separate proteins that are stimulatory to phagocytosis by human leukocytes. 
These 2 factors, referred to in this paper as PPF, appear to be independent of 
complementary activity. One of the factors can be quantitatively adsorbed 
on barium sulfate, from which it can be eluted with citrate solution, lyopholized, 
and stored. Treatment of plasma or serum with zymosan for preparation of 
properdin reduces the PPF activity by about 35 per cent. No phagocytic 
activity has been found in purified preparations of properdin, and the 2 activi- 
ties are apparently distinct. 


SERUM BACTERICIDINS ACTIVE AGAINST 
GRAM-POSITIVE BACTERIA* 


By Quentin N. Myrvik 
Department of Microbiology, University of Virginia School of Medicine, Charlottesville, Va. 


Reports on the occurrence of bactericidal substances in serum and leukocytes 
date back to the early days of microbiology. In 1891 Pane! observed that the 
anthrax bacillus was arrested in its growth in rabbit serum even after heating 
the serum for 30 minutes at 55° C. His observations were confirmed by several 
other investigators who also demonstrated that sera from several mammalian 
species contained bactericidal activity for the same bacillus.2* These investi- 
gations led to the point of view that certain sera contained bactericidal sub- 
stances that were not dependent on complement and that appeared to be 
oriented more toward the gram-positive bacteria. Pettersson® referred to 
these substances as 6 lysins to distinguish them from Buchner’s alexins or 
alysins. Pettersson’ believed that 2 components are involved in 6-lysin action, 
6 lysin and an “activating” substance. This belief was based on the observa- 
tion that heat-inactivated serum could be made active again by adding a 
small amount of unheated serum. 

Mackie and Finkelstein’ and Mackie, Finkelstein, and Van Rooyen’ studied 
the bactericidal activity of mammalian and avian sera on several strains of 
gram-positive bacteria. They failed to confirm Pettersson’s observation, 
however, regarding the reactivation of heated sera by adding small amounts 
of normal serum. Tillett!® reported on a bactericidin in human sera that is 
active against beta hemolytic streptococci. He noted that antistreptococcal 
activity was greatest in sera from patients in the acute phase of their disease, 
and he separated the Streptococcus bactericidal system into protein-free and 
protein-containing fractions that were effective only when mixed together. 
An agent active against Staphylococcus aureus was studied by Tobler and 
Pinner," who found that pleural effusions from certain tuberculous patients 
inhibited the growth of their test organism. In a series of experiments on 
serum bactericidal activity against gram-positive bacteria of human and rabbit 
sera, Ostenfeld” reported that he was able to reactivate heated sera by adding 
small quantities of unheated sera. 

More recently, Jacox’ has studied a nonspecific substance bactericidal for 
Bacillus subtilis that appears in the sera of humans in the acute phase of a 
variety of diseases. The material was reported to require calcium ions for its 
activation, based on the observation that decalcifying agents inactivated the 
bactericidin and the addition of calcium restored activity. The calcium ions 
were presumably bound, since dialysis or treatment with a cation exchange 
resin failed to remove sufficient calcium from the serum to inactivate the 
system. This bactericidal agent was reported to produce lysis of the cells of 
B. sublilis. A bactericidal component active against Bacillus anthracis has 


* This study was aided by a grant from the National Tuberculosis Association, New York, N, Y., made pos- 
sible by a special bequest from the estate of Grace Velie Harris; and by a grant from the Virginia Tuberculosis 
Association, Richmond, Va. 
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been isolated by Bloom and Blake from several tissues of various animal 
species. Electrophoretic and chemical analyses indicated that this substance 
is a basic polypeptide containing a large amount of lysine. Presumably, this 
component does not occur in normal serum, nor does it appear to produce lysis 
of sensitive organisms. 

There exists a certain degree of unanimity among the investigators of gram- 
positive-serum bactericidins concerning the point that complement is not 
involved in bactericidal action. No clear picture exists, however, as to the 
number of systems or the broadness of the bactericidal activity with any given 
system. Furthermore, the problem of cofactors and activators taking part in 
gram-positive bactericidal systems remains unclarified. The lack of agreement 
in results is perhaps due to the multiplicity of bacterial strains employed by the 
numerous investigators in this area. The lack of concern about pH drifts in 
serum samples that lose carbon dioxide on standing could also produce spurious 
results. In addition, the possibility that some of the bacterial strains were 
sensitive to lysozyme would add additional confusion to the results. In this 
paper the bactericidal activity of selected mammalian sera is quantitated 
against B. sublilis and Micrococcus pyogenes var. albus. The bactericidins 
active against these 2 organisms in rabbit serum are studied in detail, and it is 
concluded that the bactericidins active against these 2 test organisms are very 
similar, if not identical. 


Materials and Methods 


Unless specified otherwise in the text, the following materials and methods 
were used throughout the investigation. 

Organisms. ‘The strain of B. subtilis employed was kindly supplied by R. F. 
Jacox. The coagulase-positive strain of M. pyogenes var. aureus and the 
coagulase-negative strain of M. pyogenes var. albus were obtained from the 
culture collection of the Department of Microbiology of the University of 
Virginia School of Medicine, Charlottesville, Va. 

Quantitative bactericidin test. The bactericidin activity of the sera was deter- 
mined by making doubled dilutions of the sera in saline in screw-capped tubes 
to give final volumes of 0.5 ml. The pH of the sera was stabilized at pH 7.2 
by the addition of 0.1N HCl. Each tube was inoculated with 0.1 ml. of a 
saline suspension of the respective test organisms prepared from 3-hour nutri- 
ent broth (Difco*) cultures by washing once in saline and standardizing tur- 
bidimetrically with a Model-9 Coleman nephelometer to contain approximately 
8 million organisms per ml. The inoculated tubes were incubated at 37° C. 
for 2 hours, at which time growth was readily visible in the high dilutions of 
serum. The end point was expressed as the highest dilution in which inhibi- 
tion of growth of the test organisms was complete. Bactericidin activity was 
expressed in units, each unit being defined as the minimum amount of bacteri- 
cidin that, when contained in a volume of 0.5 ml., will inhibit growth. For 
example, a serum capable of inhibiting growth in 0,5 ml. of a dilution of 1:8 


* Difco Laboratories, Inc., Detroit, Mich, 
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would contain 16 units of bactericidin per ml. In all instances, bactericidin 
values were reproducible within the limits of a twofold dilution. 

Quantitative lysozyme test. A lytic test described elsewhere’ was employed 
for estimating the amount of lysozyme in the sera under study. 

Animals. Adult Wistar rats, Hartley-strain guinea pigs, and New Zealand 
white rabbits furnished the sera for this study. 


Results 


Survey of bactericidin levels in mammalian sera. Sera were collected from 
some representative mammals and were quantitated for bactericidin activity 
against B. subtilis and M. pyogenes var. albus. Of the species tested, only the 
rabbit and the rat normally possess large amounts of bactericidins in their 
sera. The results (TABLE 1) indicate a parallel correlation between the activ- 
ity of the respective sera and the 2 test organisms. 

The remaining group of experiments was conducted with rabbit sera in order 
to study the possibility that a single bactericidin was active against both of 
the above organisms. 

Effect of BCG in Falba and Bayol F on bactericidin levels. It has been re- 
ported’® that rabbits receiving tubercle bacilli in mineral oil and Falba 
demonstrate a marked rise in their serum-lysozyme levels but no change in 
their B. subtilis bactericidin levels. The possible effect of this treatment on 
the ‘“ablus’’-‘‘sublilis” bactericidin levels was investigated as follows: 

Three albino rabbits weighing approximately 3 kg. were each given 80 mg. 
of cells of the BCG strain of Mycobacterium tuberculosis var. bovis in Bayol F 
and Falba subcutaneously in the inguinal region, and 80 mg. of BCG cells 
with the same adjuvant mixture intraperitoneally. The rabbits were bled 
from the marginal ear vein prior to the injection of tubercle bacilli and, at 
weekly intervals following the injection, for a period of 4 weeks. The sera 
were separated immediately after the clots had contracted and were stored in 
the frozen state until they were assayed for lysozyme, “‘subtilis,” and “‘albus”’ 
bactericidin activity. The results obtained (TABLE 2) show that BCG in Bayol 
F and Falba produce a marked rise in lysozyme levels, but fail to affect the 
“subtilis” or the “albus” bactericidin levels. ‘The results presented in TABLE 2 
are typical of those obtained in the 3 animals in the experiment. 


TABLE 1 


BAcCTERICIIN LEVELS IN SOME MAMMALIAN SERA AGAINST BACILLUS 
SUBTILIS AND MicrococcUS PYOGENES VAR. ALBUS 


Soure ee tee a is trnemes ial oe 
RAPER, Ceo rel trek dees cota 16-24 12-20 
(ESN, eos to CCE ARR cS ae 12-16 12-16 
BSE ea eR 9 oicu ohabse eBoy ost otys ols pigs" yay sie less than 1 less than 1 
Caine. Sho a: oR Ore Ore eee less than 1 less than 1 

TiS o odbcacinc hat aes ee eee 1 (approx.) 1 (approx.) 
ibmannihealthry)is..:4, caetrisidaiiaiois Sarees" 2n ola 1-2 1-2 


* Unit is defined under materials and methods. 
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TABLE 2 
Tue Errect oF BCG 1n Bayo F ANp FALBA ON THE SERUM LYSOZYME, 


“SUBTILIS,” AND “ALBUS” BACTERICIDIN LEVELS IN RABBITS* 
“subtilis” “albus”? 
Ly fer ee Bactericidin Bactericidin 

ip ft units/ml. units/ml. 
Prevaccination® ..sci a= c - carsiieloeteaatem aes = 0.6 16 12 
Ist postvacc. week :0-)- sii clerics oe shee ee 122 16 12 
2nd postvacc.cweek . 7.0 deck poe ere eee 5.6 16 12 
Srd!postvacc, week” str .ce =e rae ee eee Or2 16 12 
4th postvaccweeky. auf: Sera ie Meee eet 11 16 12 


* The results in this table were obtained from rabbit No. 230, and they are essentially identical to the results 
obtained in the remaining 2 rabbits. 


Thermal stability of the bactericidins. The thermal stability of the bacteri- 
cidal systems in rabbit serum against B. subtilis and M. pyogenes var. albus 
was determined by heating serum samples at 60° C. and testing for activity at 
15-minute intervals up to 120 minutes. After a 30-minute heating period the 
serum gradually lost activity for both organisms and, at the 120-minute 
heating interval, all activity for the 2 test organisms was destroyed. Several 
attempts to reactivate such heat-inactivated sera with small amounts of nor- 
mal unheated serum were unsuccessful. 

Effect of sodium citrate on bactericidin activity. Jacox reported that, 
when human sera possessing strong bactericidal properties for B. subtilis were 
treated by the addition of the sodium salts of citrate, oxalate, and phosphate, 
bactericidal activity was destroyed. He found that the addition of CaCl, 
reversed this inactivation, whereas MgCl: failed. In a previous communica- 
tion from this laboratory it was reported that the B. subtilis bactericidin 
in rabbit serum was also sensitive to sodium citrate. 

This type of inactivation was studied by adding varying amounts of sodium 
citrate to samples of rabbit sera and subsequently testing such sera against 
the 2 test organisms. The results from this trial (TABLE 3) show that 6 units 
of either “subtilis” or “albus” bactericidin are completely inactivated in the 
presence of 0.045 M sodium citrate. 

The mechanism of citrate inactivation of the bactericidins appears to involve 
factors other than calcium binding. Experiments studying the effect of ionic 
strength on bactericidin activity have revealed that the “‘subéilis” and “albus” 
bactericidal systems are very sensitive to increased ionic strength. In this 
regard it has been observed that the addition of calcium chloride or sodium 
chloride, to produce an added ionic strength of 0.1 or more, completely inacti- 
vates 6 units of either “subtilis” or “albus” bactericidal activity contained in a 
volume of 0.5 ml. Since sodium citrate is, for all practical purposes, com- 
pletely ionized at pH 7.2, it was considered possible that sufficient sodium 
citrate existed in an ionized form to produce inactivation on this basis. Cal- 
culations of added ionic strength from TABLE 3 show that 0.045 M sodium 
citrate would be equal to 0.27 ionic strength, assuming that no un-ionized 
citric acid existed and that no reaction occurred between citrate ions and serum 
components. Actually, the amount of un-ionized citric acid present in this 
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TABLE 3 


Tue INACTIVATION OF “SUBTILIS” AND “ALBUS” 
BAcTERICIDINS BY SopIuM CITRATE 


Sodium citrate in mols 


Materials (final volume 0.6 ml.) 
0.06 0.045 0.03 0.015 0.0075 


Sodium citrate control in 1:20 serum................ + of + oh 7 
Six units “subiziis” bactericidin.................000- a -+ — ~ _ 
DIMIUDIES nGTOths  ADACLETICIGIN. Se win. catia cs scmw'sce se + + _ = -— 


Symbols: + = growth; — = no growth. 


system at pH 7.2 would be approximately 4.5 X 10-4 M which, for practical 
considerations, may be ignored. 

The possibility that citrate inactivated the bactericidins, not by a process 
of decalcification but by increasing the ionic strength, was investigated as 
follows: 

Serum preparations containing 6 units per ml. of the bactericidins were in- 
activated by the addition of sodium citrate to give 0.06 M final concentration. 
These mixtures were subjected to dialysis against 2 changes of distilled water 
for a period of 48 hours. Serum preparations without sodium citrate were 
dialyzed for an equal length of time to serve as dialysis controls. Controls 
on the citrate inactivation and undialyzed serum were also included. The 
preparations were double-diluted in the usual manner, inoculated with the 2 
test organisms, and incubated for 2 hours at 37° C. It was found that dialysis 
treatment accomplished only a partial (25 to 50 per cent) reactivation of the 
citrate-inactivated sera. It is not known why a greater reversal of inactiva- 
tion was not accomplished. These results would tend to rule out the possi- 
bility that calcium is a cofactor for this bactericidal system, although additional 
experiments are necessary to clarify this point. 

Effect of bacterial products on bactericidin activity. Ekstedt and Nungester'® 
recently reported that preparations of coagulase were capable of destroying the 
bactericidal activity of human serum against coagulase-negative strains of 
micrococci. They also observed that in most instances coagulase-positive 
micrococci were resistant to the human-serum bactericidal system. Accord- 
ingly, the rabbit-serum bactericidin system was investigated by testing its 
activity against a coagulase-positive strain of M. pyogenes var. aureus. This 
particular strain was completely resistant to the rabbit-serum bactericidin. 
The possible role of coagulase in destroying this bactericidin was investigated 
by growing a coagulase-negative strain and a coagulase-positive strain of M. 
pyogenes in meat infusion broth for 48 hours at 37°C. The cells were removed 
by centrifugation at 10,000 g for 30 minutes. It was found that 0.1 ml. of the 
culture supernatant fluid in which the coagulase-positive organism had grown 
was capable of coagulating 1 ml. of 1:2 human plasma within 60 minutes, 
whereas 1.0 ml. of the culture supernatant fluid in which the coagulase-nega- 
tive organisms had grown failed to coagulate 1 ml. of human plasma during 
24 hours of incubation. 
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TABLE 4 


EFFECT OF COAGULASE-CONTAINING CULTURE SUPERNATE 
ON “ALBUS AND “SUBTILIS” BACTERICIDINS 


Dilution of serum 


2 | 4 8 | 16 | 32 

B. subtilis 
Control-normal’sertimin....+ <<<. ceie si erect —_ - _ + + 
Coagulase-negs Supermate i. icrendernretay-tleyeretenetelatolsvetste sie - _— + + + 
Coagulase-pos:.supermate, . 2.5 se seme miso vistas - — —- + a 


M. pyogenes var. albus 


Gontrol-normal Serum cee cet cnteieie aie cree — _ _ + ++ 
Coagulase-nep-supernate ss sm crrtetvcielo ats siemens sverniere - — + = + 
Coagulase-poswsupernate s.|cseystiaels lasiem ice mista - — + + + 


Symbols: ++ = growth; — = no growth. 


The respective culture supernatant fluids were incorporated into a rabbit 
serum known to contain full bactericidin activity. The culture supernate- 
serum mixtures (0.25 ml. culture supernate plus 0.25 ml. of serum dilutions) 
were incubated for 1 hour at 37° C. and inoculated with the test organisms M. 
pyogenes var. albus and B. subtilis. Approximately 25 per cent of the activity 
was lost by the addition of the culture supernates (TABLE 4). The coagulase- 
positive supernate, however, did not antagonize the bactericidin to any greater 
extent than the coagulase-negative supernate. 

Another experiment was performed in which the coagulase-positive strain 
of M. pyogenes was allowed to grow in a high bactericidin serum for a period 
of 2 hours at 37° C., when the serum became visibly turbid. The cells were 
removed by centrifuging at 10,000 g and the supernatant serum was tested 
for bactericidin activity against the coagulase-negative strain of M. pyogenes 
and B. subtilis. The results in this experiment clearly indicated that the 
growth of the coagulase-positive strain of M. pyogenes did not result in an 
appreciable destruction of the “subtilis” -“albus” bactericidin activity. 

Skarnes and Watson” reported that acidic polymers such as hyaluronic 
acid, glutamyl polypeptide, deoxyribonucleic acid, and ribonucleic acid in- 
hibited lysozyme activity. They interpreted this antagonism to be due to 
direct combination of lysozyme and the acidic polymers through the formation 
of numerous salt linkages. In their test systems it was observed that 200 
ug. of DNA inhibited 25 yg. of lysozyme, and 125 yg. of RNA inhibited 10 yg. 
of lysozyme. 

The bactericidin systems in rabbit serum were tested for similar inhibition, 
employing DNA and RNA (nutritional biochemicals) as inhibitors. Experi- 
ments in which the bactericidin was kept constant and the concentrations of 
DNA and RNA were variable indicate that 6 units of either “subtilis” or “albus” 
bactericidin are completely antagonized by 625 ug. of RNA or 1250 ug. of 
DNA in a volume of 1.0 ml. These results lend support to the proposal that 
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Ficure 1. The lethal effect of 1:4 rabbit serum on Bacillus subtilis at 5° and 35° C. 


the serum bactericidins are basic in nature. This proposal finds additional 
support in the observation that rabbit serum absorbed with bentonite! had 
no bactericidal activity for either B. subtilis or M. pyogenes var. albus. 

In the experiments on properdin, Pillemer e¢ a/.!® observed that zymosan 
absorbed properdin quantitatively from serum. Accordingly, following the 
procedure of these investigators, rabbit serum was treated with zymosan* 
and then tested for bactericidin activity. Approximately 50 to 75 per cent of 
the bactericidin activity against M. pyogenes and B. subtilis was removed by 
treating sera with zymosan. A preparation of egg-white lysozyme containing 
100 ug. per ml. in saline was also treated with zymosan. In this case zymosan 
removed all detectable lysozyme, as measured with the lytic test against 
Sarcina lutea. These results suggest that zymosan is not a specific absorbent 
for properdin under the conditions employed in the above absorptions. 


* Generously supplied by Standard Brands Inc., New York, N. Y. 
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Effect of temperature on the “subtilis” bactericidin. ‘The lethal action of the 
“subtilis” bactericidin was studied quantitatively at 5° and 35° C. in an attempt 
to approximate the Qyo for the lethal reaction. In this experiment rabbit se- 
rum was diluted 1:4 with saline and was inoculated with approximately 8 
million organisms in each ml. of diluted serum. Samples of the organism-serum 
mixture were removed at selected intervals, when they were diluted and 
plated in nutrient agar. Colony counts of viable units were made, and the 
results of the lethal effects at the 2 temperatures are depicted in FIGURE 1. 
The values plotted on the curves represent the averages obtained from tripli- 
cate counts. It should be noted that temperature affects the lethal action 
markedly. Dividing the slope at 35° by the slope at 5° and deriving the cube 
root of this figure indicates that the Qi for the lethal reaction is between 2 and 
3, which is in the range one might expect for an enzymatic reaction. The 
“albus” bactericidin was not studied with this method. 


Discussion 


Although the “‘albus’’-“subtilis” bactericidal system in rabbit serum has not 
been isolated in purified form, all of the data obtained indicate that the ac- 
tive principles for B. subtilis and M. pyogenes var. albus are very similar, if not 
identical. They are similar with respect to (1) heat resistance, (2) sensitivity 
to ionic strength, (3) absorption with bentonite, (4) inactivation by sodium 
citrate, (5) quantitative distribution in mammalian sera, and are (6) antago- 
nized by the same amount of DNA and RNA, (7) removed to the same degree 
by zymosan treatment, (8) not dialyzable, and (9) not increased in rabbits 
given tubercle bacilli and adjuvants. 

This system does not appear to require any cofactors, and it is independent 
of the heat-labile components of complement. The data presented, however, 
do not unequivocally rule out cofactors in this system. It is lysozymelike in 
activity, with respect to the way it initiates a reaction that terminates with 
lysis of the susceptible cells. Experiments studying the lethal action at 2 dif- 
ferent temperatures suggest that the bactericidin for B. subtilis behaves like 
an enzyme. This suggestion is further supported by the experiments on 
sensitivity to increases in ionic strength and to thermal inactivation. 

The relationship of the bactericidin under study to the numerous bacteri- 
cidins that have been reported is difficult to evaluate. In view of the loss of 
antistreptococcal activity observed by Tillett!? when human serum was 
readjusted to pH 7.0, it seems likely that the factor he described is distinct 
from the factor studied in this laboratory. The failure to confirm Pettersson’ 
and Ostenfeld’s” observation that small amounts of normal serum reacti- 
vated heat-inactivated serum is unexplainable. In this regard, it should be 
mentioned that Mackie and Finkelstein® also failed to confirm this point. 

The question also arises as to the possible relationship of the ‘“albus’’-“sub- 
tilis” bactericidal system to the properdin system recently discovered by 
Pillemer e¢ a/.'§ The experiments on heat stability appear to exclude pro- 
perdin, since complement is reported to be an absolute requirement for activ- 
ity of this latter system. No evidence was obtained that might suggest 
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that the “albus’’-“sublilis” bactericidin system requires complement for activ- 
ity. Furthermore, properdin occurs in fairly high levels in bovine and human 
serum, whereas the ‘“‘albus’’-‘‘subtilis” system is extremely low in these species. 
Zymosan absorption did not prove to be a useful technique for distinguishing 
between the 2 systems, since the ‘“albus’’-“subtilis” system was largely, but 
not completely, removed by this treatment. Moreover, zymosan removed 
lysozyme ‘“‘quantitatively” from saline-lysozyme preparations, which suggests 
that zymosan is not a specific absorbent for the properdin system. 
Experiments with a coagulase-positive strain of M. pyogenes var. aureus 
indicate that coagulase is unable to destroy the ‘“‘albus’’-“‘sublilis” bactericidin 
system under the conditions described, and that coagulase does not function 
in an extracellular capacity, thus causing coagulase-positive strains to be re- 
sistant to this system. It does appear likely that the coagulase-positive 
strain of M. pyogenes var. aureus is resistant to the rabbit-serum bactericidin 
by virtue of either structural characteristics (capsule?) or a constitutive 
(metabolic?) resistance not dependent on extracellular substances. 


Summary 


The bactericidin activity against B. subtilis and M. pyogenes var. albus has 
been quantitated in the serum of the rat, rabbit, human, guinea pig, cow, and 
horse. Of these species only the rat and rabbit possess appreciable amounts 
of bactericidin. 

The bactericidin in rabbit serum was studied in detail with respect to heat 
stability, citrate inactivation, effect of bacterial products on bactericidin activ- 
ity, and effect of BCG in adjuvants on the serum levels in rabbits. 

All of the data obtained in the present investigation support the idea that 
the bactericidin active against B. subtilis and M. pyogenes var. albus are very 
similar, if not identical. 
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EFFECT OF LEVAN AND DEXTRAN ON THE 
INFLAMMATORY PROCESS 


By Shlomo Hestrin 


Laboratory of Microbiological Chemistry, Department of Biochemistry, Hebrew 
University-Hadassah Medical School, Jerusalem, Israel 


Effects of complex bacterial polysaccharides in infection have been studied 
extensively." On the other hand, knowledge of the ways in which nonionic 
simple polysaccharides affect defense response of the body is still sparse. In 
pathology, however, as in other branches of science, it may be preferable to 
proceed from a relatively simple case to the more complex situations rather 
than conversely. Detailed examination of the action of a simple polysaccharide 
on a host-pathogen situation might provide a background against which the 
operation of a complex polysaccharide might be elucidated more readily. 

The levans and dextrans constitute families of simple nonionic microbial 
polysaccharides. They can be produced in quantity from sucrose and isolated 
in states of relatively high purity. They can be synthesized in vitro from 
sucrose by enzymes. There are means whereby their molecular weight may be 
regulated. Procedures are known for their measurement in tissues and body 
fluids. They are highly soluble in water and can be prepared as sterile solutions 
of good keeping quality. They are tolerated in high dosage by several species 
of laboratory animals. The levans and dextrans are thus a suitable choice for 
experimental studies of the mode of action of polysaccharides on disease. 

Although levans and dextrans are “‘simple”’ in the sense that each is con- 
verted by hydrolysis to a single hexose, they are not truly simple in any 
wider sense. The dextrans are mostly branched, and the degree and manner 
of their branching vary with the bacterial strain forming the dextran and with 
the conditions of the synthesis.?_ Bacterial levans similarly are branched struc- 
tures.*»* As neutral polymers rich in hydrophilic groups, such substances 
might manifest a set of basically identical biological activities. The locations 
and disposal of these substances in the body, however, are expected to depend 
upon the size and surface of the polymer particles. Thus their biological ac- 
tivities can be expected to differ within limits both as to branching pattern and 
molecular weight. 

The levan used in our experiments was isolated from a culture of A erobacter 
levanicum growing on a sucrose-broth medium. The product contained less 
than 0.1 per cent of nitrogen (Kjeldahl). It was converted quantitatively to 
fructose on hydrolysis in a mild acid. The mass average molecular weight, as 
determined by sedimentation and diffusion measurements, was 17 & 10°. A 
structural examination of the material has been carried out in our laboratory 
by D. S. Feingold. By methylation analysis it was shown that this levan 
molecule has a branched structure, the main linkage being of type C2 — 6 and 
the branch linkage exclusively of type C2 — 1. As in other bacterial levans 
whose structure has been examined previously, the degree of branching is ap- 
proximately 0.1.*:4:® The native levan of A. levanicum will be designated 
hereinafter briefly as levan. To what extent the biological properties of this 
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substance are common to nonionic simple polysaccharides as a general class and 
more particularly to other levans remains to be determined. In a number of 
instances that will be noted, evidence has been obtained that a native dextran 
possesses properties that are quantitatively not unlike those of levan. 

Fi1cuRE 1 illustrates the course of transfer of levan from the peritoneal cavity 
of a mouse into the bloodstream. The amount of levan recoverable from the 
peritoneal cavity by washing decreased exponentially with time (peritoneal 
half life, about 2 hours). Most of the levan appeared in the blood. There it 
reached a peak at about 6 hours and declined more slowly, the level having 
fallen to 50 per cent of the peak value in about 22 hours. 

Levan showed marked infecting-promoting activity (IPA) in mice infected 
peritoneally by Salmonella typhi O 90.18 The question arose whether direct 
contact between levan and Salmonella within the peritoneal cavity was in- 
volved in the observed IPA. Several ways of testing this were tried.’ It was 
found that when levan was injected into the blood it did not appear in the 
peritoneal exudate in detectable amount during the observation period of 6 
hours. Again it was found that L.D. 59 of Salmonella in the normal mouse was 
10 times as high for bacteria injected intravenously as for bacteria injected 
intraperitoneally. Thus one can be reasonably sure that the lethal outcome 
of the intraperitoneal infection was determined extravascularly. Levan at 
different levels of dosage was administered intravenously to groups of mice 
that received graded doses of pathogen intraperitoneally. The course of the 
proliferation of Salmonella in the peritoneal cavity was followed and, at the 
same time, mice mortality rates were measured. Levan showed nearly equal 
IPA when administered intravenously and intraperitoneally. In normal mice, 


NATIVE LEVAN 


° 4 s 2 


TIME (HR.) 


FicurE 1. Transport of native levan from the peri i i i 
] } the peritoneal cavity to the blood. Mice (16 to 20 gm.) in groups 
of 3 to Hl animals each received 9 mg. of levan intraperitoneally. Each plotted point represents an arithinette 
= of a oe The abscissa shows the time (hours) after injection of evan, and the ordinate shows the con- 
centration of levan in the blood (100 = 4.85 mg. levan/ml.) and the amount of levan in the peritoneal exudate 
(100 = original amount). The —»—e— curve represents the levan concentration in the blood, and the + curve 
represents the amount in the peritoneal exudate. 
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TABLE 1 
INFLUENCE OF LEVAN ON SymproMs oF DERMAL INFECTION PRopUCED BY M. pyoGENEs 


| 
| 
Response to 


Host Polysaccharide | 
Total pathogen 
number — > 
of : 
Dose lesions Nheee is haa 
a) No. = om./k xam- |Abscess ng 
Kind kecee Kind rat Route Bae forma- dermo- 
| weight tion necro 
sist 
——— = — | — 
Guinea pig 5 none = = 24 + 0 
Guinea pig | 4 levan 0.5 intraperitoneal 15 QO | = 
Guinea pig \ levan 0.5 intracardial 18 0 + 
Guinea pig 2 | dextrant 0.5 intraperitoneal 7 Oeste 
Rabbit 20 none (= — 40 + 0 
Rabbit (ils levan (Oa! intravenous 20 gy | ae 
Rabbit Wns levan 0.4 intraperitoneal 3 Oo} + 
| | 


Levan was given vascularly concomitantly with the intradermal injection of MV. pyogenes. 
Levan administered intraperitoneally was injected 2 hours prior to inoculation of skin by 
M. pyogenes. 


* The symbol + designates regular evocation of visible erythema and edema at site of infection within 6 hours 
and formation of a localized purulent abscess at 20 hours. 0 designates the absence of these signs. 

+ The symbol + designates regular appearance of yellow-gray area of necrosis at about 6 hours with progres- 
sive lateral spread terminating at about 20 hours in a nonpurulent dermonecrotic lesion secondarily surrounded 
by an area of inflammation. 0 designates the absence of this response pattern. 

t Native dextran prepared from a sucrose culture of Leuconostoc mesenteroides. 


bacteria were cleared from the peritoneal cavity exponentially. In the levan- 
ized mice, the clearance mechanism failed to operate, and a rapid proliferation 
of the pathogen could be observed in their peritoneal cavities following a brief 
period oflag. Thus levan had altered the conditions prevailing in the peritoneal 
cavity even though levan itself had not entered the cavity. Obviously levan 
was affecting the host rather than the pathogen. These results suggested the 
possibility that the IPA of levan depends on an ability of the polymer to retard 
delivery of an antibacterial principle from the blood to the extravascular seat 
of infection. 

The IPA of levan extended to tissue sites other than peritoneal cavity and 
comprised several species of host and pathogen. An infection produced by a 
strain of Micrococcus pyogenes was selected for more detailed study.*:* The 
dermal lesion produced by this pathogen was one produced readily and uni- 
formly in small laboratory animals and could be held under continuous ob- 
servation from the outset and throughout the development. ‘The influence of 
levan is shown by TABLE 1 and FIGURE 2. ‘The effect of levan on the time 
course of development of the infection is presented by FicuRE 3. A striking 
difference between levanized and control animals is apparent already from the 
outset. In the normal host, the reddening and edema typical of acute in- 
flammation became apparent macroscopically at about 1 hour with the subse- 
quent intensification that culminates in the production of an abscess. In the 
levanized host, on the other hand, the infection remained free from external 
signs for 3 hours, a dermonecrotic reaction becoming suddenly visible in 4 
hours, after which it showed a radial spread that continued steadily for 16 
hours and then ceased suddenly. 

These observations seem consistent with the interpretation that bacterial 
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FicurE 2. Dermonecrotic lesions evoked by Micrococcus pyogenes in the levanized rabbit. The rabbit re- 
ceived intravenously 200 mg. levan/kg. of body weight; 42-hour lesions. The top right-hand lesion, pro- 
duced by the injection of the pathogen 5 hours before levan, shows dark hemorrhagic discoloration within a broad 
field of dermonecrosis. This is a characteristic feature in lesions of animals given levan only after the onset of 
evident inflammation. The bottom left-hand lesion, produced by the administration of the pathogen at the same 


time as levan, is a yellow-gray dermonecrosis with a narrow surrounding bond of hemorrhagic necrosis. In rab- 
bits not given levan the response to the pathogen was a localized abscess. 


invasion had proceeded for several hours in the levanized animals without 
opposing local concentration of defensive forces of the host upon the area of 
danger. In agreement with this result, it was found histologically that di- 
apedesis failed to develop in levanized hosts at skin sites of infection by M. 
pyogenes for 10 hours, whereas diapedesis in nonlevanized hosts could already. 
be observed 30 minutes after inoculation by the pathogen.® 

The inhibitory effect of levan on diapedesis conceivably could have been 
mediated by the withdrawal of leukocytes from circulation, by an interference 
caused by penetration of the vascular wall by leukocytes, or by other means 
and their combinations, which we need not detail.!° A prompt and large with- 
drawal of all leukocytes (notably neutrophiles) from the circulation was ob- 
served following injection of levan.!! In the experiments shown in FIGURE 4, 
the leukopenic effect is seen to have remained in force for about 6 hours, after 
which the blood leukocyte count either reverted to normal or, transiently, to a 
hypernormal level. Native dextran, too, produced a marked but less durable 
leukopenic effect. Earlier workers" have reported the ability of high molecular 
dextran to lower the number of leukocytes in the circulation. 
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Frcure 3. Influence of levan on the course of development of the dermal lesion that is produced by Micro- 
coccus pyogenes intherabbit. The rabbits (1.5 kg.) received respectively 0, 50, and 400 mg. of levan intravenously 
and were inoculated with M. pyogenes intradermally at the time of the levan injection, The open circles indicate 
the areas of the lesion comprising inflammatory involvement; the stippled areas, the areas of dermonecrosis; and 
the half-blocked circles, the area of purulent focus. 


There is evidence that withdrawal of leukocytes from the circulation does 
not account fully for the failure of the levanized animal to manifest diapedesis. 
An opportunity to study this point was afforded in guinea pigs. M. Davies 
has observed that the leukopenic action of levan in this species is relatively 
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Ficure 4. Effect of polymers injected intravenously on the number of leukocytes circulating in the blood 
stream. At the times indicated by the arrow (|), the rabbits received the polymer (100 mg./kg. in 3-per cent 
solution) intravenously. The plotted values represent the means of the counts on 5 rabbits in each group. The 
levan was a native preparation of A. levanicum, m.w. 17 X 106 and the dextran was a native preparation, m.w 
about 10 (kindly provided by the Commercial Solvents Corporation, New York, N. Y). 


short-lived. When levanized guinea pigs whose leukocyte count had been 
allowed to return approximately to normal after 4 hours were injected with 
M. pyogenes intradermally, a necrotic reaction, rather than abscess production, 
was elicited by the pathogen. 

If it has been concluded correctly" that infiltration by leukocytes is necessary 
to the ‘preparation’ of an area of skin for a Shwartzman reaction, levan or 
dextran given intravenously prior to the injection of a preparing agent might 
be expected to prevent diapedesis and thus block skin ‘preparation.’ The 
same saccharides as colloidal agents might be expected to evoke a Shwartzman 
reaction at a prepared site. The experiment summarized in TABLE 2 shows that 
levan, like native dextran, is indeed both an efficient evoker of the Shwartzman 
reaction” and a suppressor of the skin-preparatory phase of the ‘phenomenon.’ 
A relatively weak inhibitory effect of middle-weight dextran and the apparent 
failure of clinical-size dextran to inhibit the phase of ‘preparation’ merit notice." 

In addition to inhibiting diapedesis, levan altered the inflammatory reaction 
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TABLE 2 


SUPPRESSION OF SKIN-PREPARATORY PHASE OF SHWARTZMAN REACTION BY 
NATIVE LEVAN AND NaTIvE DEXTRAN 


A Average diameter (mm.) of Shwartzman lesions in animals after pretreatment 
_ Toxin dose 
(skin-preparing units) 
Saline | Native dextran* Native levan 
60 14 1 2 
30 11 | 1 | 0 
6 7 | 0 | 0 
3 5 | 0 | 0 


Animals were pretreated by intravenous injection of polymer (100 mg./kg.) or saline, and 
they received graded doses of preparing agent (sterile filtrate of Salmonella typhi 0 901 homog- 
enate) intradermally 30 minutes later. The evoking agent (levan 100 mg./kg.) was injected 
intravenously at 20 hrs. 


* Dextran preparation, m.w. 5 X 108, kindly provided by Glaxo Laboratories, Ltd., Greenford, England. 


by retarding transfer of certain colloidal plasma solutes through the capillary 
wall in inflamed areas.*: '% Both the leakage of globulins (including antibodies) 
and the administration of dyes through the capillary wall at sites of inflamma- 
tion in the skin were found to be restricted by this agent. As is well known, 
animals given trypan blue dye systemically manifest a local blueing response 
in areas of injury in the skin. In rabbits and in some other species tested, a 
marked retardation of the blueing response, or even of its total suppression, was 
found to be accomplished by an intravenous administration of levan at the 
sites of inflammation evoked by physical agents (cold, heat, mechanical injury) 
or by chemicals (peptone and turpentine), provided always that the local 
injury was not overly extensive. To examine the effect of the levan on the 
leakage of antibody protein from the vascular bed to a tissue site of challenge, 
test systems were used in which a local inflammation and necrosis were induced 
by graded doses of toxin injected intradermally into animals passively im- 
munized by intravenous injection of the homologous antitoxin. It was ob- 
served that the minimum amount of a M. pyogenes a-toxin producing visible 
dermonecrosis in a rabbit could be augmented roughly twentyfold by intra- 
venous injection of a given quantity of a homologous antitoxin solution. The 
protective effect of the antitoxin was not obtained, however, in animals that 
had been given levan intravenously shortly before the antixoin. Levan given 
intravenously or intradermally to nonimmunized animals had no enhancing 
effect on the local dermonecrotising action of the toxin. It was also observed 
that levan in the blood did not alter the blood antitoxin titer. A titration of 
toxin by antitoxin in serum proceeded in the presence of levan as in its absence. 
These results indicated that levan had not bound antitoxin in the serum by a 
direct action, and that it was also probably without direct effect on cells of the 
skin. The findings, however, are consistent with the interpretation that levan 
opposed the protective action of circulating antibody against injury of skin by 
toxin because levan was about to lower the colloid permeability of the vascular 
bed towards the antibody in the area of the inflammation. A similar conclu- 
sion has also been indicated by experiments on a diphtheria toxin-antitoxin 
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TABLE 3 
Action Loct AND AcUTE EFrects OF NEUTRAL HIGH POLYMERS IN THE CIRCULATION 


Polymers: 
Neutral polysaccharides: native levan and native dextran. 
Observed effects: 
(1) Enhancement of intraperitoneal proliferation of a pathogen (S. typi). 
(2) Failure of diapedesis in skin. 
(3) Evocation of local Shwartzman reaction. 
(4) Suppression of preparatory phase of the local Shwartzman reaction. 
(5) Enhancement of dermonecrotic activity of a viable pathogen (M. pyogenes). 
(6) Retarded blueing responses (trypan blue test). 
(7) Enhancement of dermonecrotic activity of toxins in animals with passive immunity to 
the toxins. 
(8) Binding of properdin. 
(9) Withdrawal of leukocytes from circulation. 


Targets of action of polymers: 
(1) Endothelium 
(2) Leukocyte 
(3) Plasma 


system in the guinea pig. Levan has been regarded on this basis as an agent 
that possesses endothelium-sealing activity (ESA). 

The possibility further arises that levan can directly bind plasma solutes. 
This is particularly pertinent to systems in which properdin is involved. As 
has been shown by Pillemer and his colleagues!® levan is a powerful adsorbent 
of properdin. As reported elsewhere in this monograph, these investigators 
have found that levan, like zymosan and lipopolysaccharides, lowers and then 
increases the blood properdin level. Thus it induces a primary phase of loss 
of resistance to infection and a subsequent phase of enhanced resistance.'® 
Unlike the liposaccharides, however, levan is not a shocking agent, and it lacks 
acute toxicity.!4 

Native levan, like other efficient adsorbents of properdin, is a branched 
molecule of giant size. The high molecular weight of levan has been found 
to be an important factor in its biological activity. When the native polymer 
was converted by partial hydrolysis and appropriate fractionation to a levulan 
with such properties as are required in a plasma substitute, the product was 
found to be practically without either IPA or ESA.” 4 

In summing up, it is suggested that no single concept of the mechanism 
whereby polysaccharides affect the defensive mechanisms of the body is ade-. 
quate. The loci of the action are clearly several: the capillary wall, the plasma, 
and the blood cells themselves (TABLE 3). The first of these is perhaps re- 
ceiving less attention than it deserves. Studies of fundamental importance 
have been made in this field by Chambers and Zweifach” and Danielli and 
Stock'*. In their work, the ability of polymeric substances, for example 
gelatin, administered in a perfusate to limit capillary permeability was first 
demonstrated and ascribed to the ability of such substances to form a coat 
upon the capillary wall. Levan and dextran form such capsular coats on 
bacteria forming these saccharides in a sucrose medium. Levan and dextran 
likewise tend to form such slimy coats upon a glass surface. Day'® has dem- 
onstrated that dextran impacted into connective tissue lowers the rate of flow 
of water through such tissue. Pappenheimer”’ has shown that the rate at 
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which colloids can pass through capillary endothelium by restricted diffusion 
may be altered greatly by a minor change in the dimensions of an endothelial 
“pore.” The hypothesis can thus be considered that levan administered 
systemically coats the capillary wall and thereby alters its permeability toward 
colloids and cells. 
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CONCLUDING REMARKS 


By A. A. Miles 
Lister Institute of Preventive Medicine, London, England 


It would be impossible to do justice to this monograph by attempting a 
summary. I propose instead to make some observations on natural resist- 
ance and the strategy of its investigation. 

In the first place, what do we mean by “‘natural resistance?” The solid, 
almost absolute, natural resistance of the hen to tetanus toxin, for example, is 
rather outside our field. This kind of resistance is an important biological 
fact, but we are more concerned with variations in partial resistance as dis- 
played by a given species of animal; the kind of variation, for example, that 
Schneider dealt with. To talk in the abstract about resistance within a spe- 
cies, however, is meaningless. In our present state of knowledge questions 
about resistance are relevant only in terms of stated pathogens—resistance, 
for example, to a particular salmonella or to the malarial parasite. 

As regards what we mean by “‘natural,” I suggest that it is the resistance 
displayed by an animal that, as far as we know, has never experienced the 
stated pathogen, either as a pathogen or as a nonpathogenic parasite. This 
definition is meant to exclude specifically induced antibody immunity. Natu- 
ral resistance in this sense, however, is not synonymous with nonantibody 
immunity, and it is not concerned only with nonspecific immunity. The 
newborn calf contains a natural agglutinin for Trichomonas foetus that can be 
distinguished from the antibody induced in later life by injection of Trichomo- 
nas antigens. Nevertheless, this agglutinin may well have something to do 
with the natural resistance of the young calf, and it is specific in that it does 
not agglutinate certain other trichomonads and even behaves differently with 
respect to 2 variants of 1 strain of 7. foetus.1 Again, the demonstration by 
Evans and Perkins * that intracerebral inoculation of dead Hemophilus pertussis 
in the mouse induces an early immunity to intracerebral challenge by the same 
organism, although it appears to be a nonantibody immunity, is nevertheless 
specific to the extent that the same early immunity is not induced by several 
other antigens, including Hemophilus parapertussis, Hemophilus bronchisepticus, 
Escherichia coli, Chromobacterium prodigiosum, and diphtheria and tetanus 
toxoids. 

The articles included in this publication have successfully avoided antibody 
immunity, although to do so has been rather a struggle. Antibody has domi- 
nated the study of resistance for the last 70 years, sometimes to the detriment 
of research into natural resistance. There is a good and instructive reason 
for this dominance, one I suggest with due appreciation for all the subtle things 
that immunologists and immunochemists have done with antibodies. The 
reason is that antibodies are easy to work with because, carrying their own 
markers, they provide us with the guide and comfort of specificity. It is 
easy to set up the relevant controls. Antibodies have also dominated the 
study of defense reactions because they produce an enormous enhancement 
and acceleration of defenses (for example, phagocytosis) that are recognized 
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as nonspecific. Nonspecific reactions are thought of as the Cinderellas of 
immunology, awaiting the magic touch of antibody to transform them into 
something fit to go to the ball. 

We must ask, however, whether nonspecific reactions are really so ineffec- 
tive in the absence of antibody. They clearly keep the majority of animals 
in a state of equilibrium in which they do not succumb to the substantial 
microbial hazards of the environment. The majority of children who, in the 
Liibeck disaster, received a large dose of human tubercle bacilli by mouth 
clearly had a high natural resistance because only a small proportion of them 
died, and many did not manifest any serious disease at all. Moreover, if we 
consider the relatively large L.D.59 of most strains of pathogenic species that we 
can isolate from the environment, it is clear that our experimental animals, at 
any rate, have a substantial natural resistance. It may be objected that the 
high L.D.50’s indicate, instead of a high natural resistance, a low virulence of 
many of the strains that are tested, but this argument is based on the arbitrary 
assumption that natural resistance is, in fact, low. It is equally valid to 
assume a potentially high virulence and to postulate a high degree of natural 
resistance.* 

Before leaving antibody, I should like to make a speculative point. Even 
if we work with the very early stages of infection in an animal that has never 
before experienced the pathogen, have we really avoided antibody immunity? 
The appearance of antibodies is usually timed from its exuberant production 
in amounts that spill over into the circulation of the animal—often a matter 
of days after the stimulus. With a large stimulus, according to Nunes,’ pneu- 
mococcal antibodies can appear in the bloodstream within 5 hours of infection. 
Might they not appear, locally, at the site of infection even earlier? Anti- 
bodies are formed by certain cells of the lymphoid-macrophage system, a 
system characterized by a ready transformation of some of its constituent cells. 
If, in response to a local stimulus, a sessile histocyte can be transformed into 
an active phagocyte within approximately an hour, why should other tissue 
cells not be capable of making some form of antibody response within the same 
short period after contact with the infecting agent? 

What further dissection of natural resistance is possible? For convenience 
we can divide the stages of infection into: penetration; the primary lodgment 
of the pathogen, with or without large local spread; possibly a lymphatic 
lodgment; a reticuloendothelial lodgment; and, finally, generalization. This is 
an arbitrary sequence that does not occur in all cases, and the stages may often 
merge into one another. Nevertheless it is possible that some of the stages 
are functionally distinct in that they involve quite distinct and relatively in- 
dependent defense reactions. We have found, for example, that substances 
that profoundly affect the defensive properties of the reticuloendothelial sys- 
tem, as tested by bacteremic infections, appear to have no effect upon local 
defenses in a tissue such as the skin. Again, Lurie’s® work with pulmonary in- 
fections of rabbits by the tubercle bacillus suggests that resistance of the lung 
tissue to the primary lodgment can vary independently of the resistance of the 
body as a whole to generalized tuberculosis. 

The dissection of these various stages in terms of natural resistance is not 
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easy. Penetration of what we might call the superficial constitutive defenses 
of the animal’ is difficult to study with any precision. If we are to avoid 
the fallacies arising from the fact that the experimental injection or applica- 
tion of the pathogen bypasses certain natural defenses, we must undertake 
laborious and expensive studies in epidemiology, such as those of mouse 
salmonellosis by L. T. Webster in the United States and by W. W. C. Topley 
in Great Britain. 

The chief methods of experimental attack, of which we have had many 
examples throughout these pages, have been applied to all stages of infection 
from the primary lodgment onward. These methods are (1) the effect of 
enhancers and depressors of infection, (2) the study of factors that change 
concomitantly with change in resistance, and (3) the analyses of defensive 
properties of isolated tissues and fluids. 

The trouble with most enhancers is that they are blunderbusses in action. 
A great deal of the work on the action on infection of radiation sickness and 
shock tells us more about the radiation sickness and shock than about resist- 
ance. Nevertheless, the blunderbuss can be refined. In the work of Miller 
and Fine we have admirable examples of the analyses of such general effects 
into details that begin to tell us something about the way the resistance is 
altered in a given tissue. It is obvious that at a less blunderbuss level the 
pursuit of specific inhibitors of various kinds of tissue activity that are testable 
to some extent in vitro, offers a rewarding field of investigation. Berry’s 
beginning with inhibitors of the tricarboxylic-acid-oxidation cycle is a case in 
point. 

Even when we can pinpoint the site of action of an enhancing or a depress- 
ing factor, however, we are still up against the bugbear of nonspecificity. 
Until we define a cluster of characters that can substitute for the single specific 
test of the kind we have with, for example, an antibody, a cluster whereby we 
can identify an isolated factor in resistance with some precision, our con- 
clusions are likely to be as nonspecific as the subject of our researches. In 
this connection, Pillemer was quite right in insisting that the functions of 
properdin could not properly be deduced from observation of, for instance, the 
bactericidal power of serum, or the change in resistance after the injection of 
zymosan or other microbial polysaccharides. Pillemer has provided a very 
definite set of characters for properdin, particularly in its relation to certain 
components of complement. Unless these characters have been elicited in a 
given investigation, properdin cannot safely be praised or damned for any- 
thing that is observed. The same principle must apply to all other factors 
isolated and described as significant in such studies. 

As regards correlated changes, such as the parallel rise and fall of a serum 
factor and of a change in resistance, their interpretation requires caution. We 
have already been given some hints about the dangers of deducing causal 
relations from correlations, but it is also worth emphasizing how far mere as- 
sociation can lead us astray by recalling a demonstration made many years 
ago by Karl Pearson, one showing a high degree of correlation between the 
growth of the British Navy and the import of bananas. 
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I should add other general warnings. Some investigators have suggested 
unifying hypotheses of one sort or another underlying the phenomena of 
natural resistance. I confess that this suggestion rather frightens me. It is 
much easier to unify than to keep a multitude of disparate things in one’s mind 
and biological material is very accommodating as a source of the kind of 
evidence we happen to be wanting. I recall Adami’s remark, however, in his 
little classic on inflammation,*® @ propos of those who had worked with the 
rabbit cornea, that “the adherents to successive forms of inflammatory belief 
have found in experiments upon this simple tissue ample support for their 
particular creeds.’”’ Even at the risk of displeasing so strenuous an apriorist 
as Schneider, I shall insist that we must be what Robert Boyle called “sooty 
empirics,” scrutinizing our experiments as descriptive biologists and then 
trying to knock sufficient (but mo? all-embracing) sense into the descriptions. 

Even when we have a restricted hypothesis purged of all attempts at in- 
tegration with the larger biological universe, we must avoid being forced out 
on a limb because of our experimental procedure. This can happen in 2 ways: 
our experiments may be too remote in kind from the natural process we in- 
vestigate, and they may be too remote in degree. There is a good example 
of being caught out on a limb in the hypothesis of defense by lymphatic block- 
ade that is based on studies of inflammation by substances like turpentine and 
pyogenic cocci in large doses. These irritants produce violent and often 
coagulative derangements of the tissues, but their effects are far removed from 
those characterizing the subtle march of invading bacteria in a natural infec- 
tion, where the numbers penetrating the defenses in the first place are obvi- 
ously small. Indeed, effective defenses at the primary lodgment appear to be 
independent of any thrombotic event whatsoever. 

Finally, we should beware of accepting too readily explanations that fit 
conveniently and without obvious contradiction into general biological schemes. 
There is a cautionary tale in the history of histamine as a mediator of the 
inflammatory process. Here is an isolable and chemically defined substance, 
worked on for many years, whose effects mimic a number of basic inflammatory 
phenomena, and yet, with the exception of its action in a few allergies, mostly 
experimental, and as a gastric hormone, we still lack decisive proofs of any 
essential function for the large amount of histamine distributed throughout 
the animal body. The reputation of histamine as a natural mediator rests 
largely upon the fact that it 7s present and can be liberated in the body, thus 
encouraging the supposition that it therefore must do something useful. 

The pitfalls awaiting the ready explainer are evident in the essay on the 
cow by a schoolboy who finds convincing reasons for the various features of 
the cow and, by his terse and authoritative style, makes them rather impres- 
sive. You will perhaps agree that his innocent philosophy does not differ 
very much from the thinking sometimes displayed by rather more sophisti- 
cated biologists. 

“The Cow is a mamal, and it is tame. It has six sides, right, left, fore, 
back, an upper and below. At the back it has a tail on which hangs a brush. 
With this it sends the flies away, so that they will not fall into the milk. The 
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head is for the purpose of growing horns, and so that the mouth can be some- 
where. The horns are to butt with. The mouth is to Moo with. Under the 
Cow hangs the milk. It is arranged for milking. When people milk the 
milk comes, and there is never an end to the supply. How the Cow does 
it, I have not yet realized, but it makes more and more. The Cow has a 
fine sense of smell. One can smell it far away. ‘This is the reason for fresh 
air in the country.’ 

My summary has proved to be consistently critical, but I do not make the 
criticisms as a reaction to this monograph. On the contrary, I have tried to 
put into explicit form some of the critical principles implicit in the admirable 
articles included in these pages. 
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